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ABSTRACT

AN ANALYSIS OF BIOENERGY CROPPING SYSTEMS
IN THE NORTH-CENTRAL UNITED STATES

By
Katherine Elizabeth Hadley

Recent U.S. Energy Policy such as the Renewable Fuels Standard has been created to reduce
our dependence on fossil fuels and mitigate global climate change. The GLBRC Bioenergy Cropping
Experiment contains annual cropping systems and perennial cropping systems. Field inputs, gas
emissions, and yields have been tracked since establishment in 2008. Field data was used to
perform a life cycle assessment on these cropping systems with a focus on the global warming
potential (GWP). The results of the LCA showed that the continuous corn cropping systems had the
highest GWP per hectare per year at both locations. The perennial systems generally had a negative
GWP per hectare per year due to limited inputs and gas emissions. Material inputs that contributed
most to GWP were synthetic nitrogen fertilizers. Nitrous oxide emissions had the greatest effect on
the GWP of each system of all of the gas emissions considered. The second chapter of this thesis
research focused on a successful and cost effective establishment method for switchgrass.
Switchgrass is an herbaceous perennial grass capable of producing large amounts of biomass.
Biomass can be converted to cellulosic ethanol. Stand establishment to maximum biomass potential
required several years. A field experiment was conducted to identify if a double crop management
system was possible for switchgrass establishment. The results of the experiment showed that
August seeded switchgrass could not be successfully established following a wheat crop. June
seeded switchgrass after a rye crop and fallow (control treatment) were successfully established.
No significant differences in stand establishment or vyields were seen between these two

treatments.
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CHAPTER 1

LIFE-CYCLE ASSESSMENT OF THE GREAT LAKES
BIOENERGY CENTER’S BIOENERGY CROPPING SYSTEM EXPERIMENT

ABSTRACT

Recent legislation such as the Renewable Fuels has been created to reduce our
dependence on fossil fuels and mitigate global climate change. The GLBRC Bioenergy Cropping
Experiment, established in 2008 at UW-Madison and MSU, contains annual cropping systems
(corn, soybeans, canola) and perennial cropping systems (switchgrass, miscanthus, a native
grass mix, old field, poplar, a prairie grass mix). Field inputs, gas emissions, and yields have been
tracked since establishment. This field data was used to perform a life cycle assessment on
these cropping systems with a focus on the global warming potential (GWP). The results of the
LCA showed that the continuous corn cropping systems had the highest GWP per hectare per
year at both study locations as expected. The net GWP of a cropping system was heavily
influenced by the nitrous oxide emissions for that system. A statistical analysis revealed no
significant differences between locations for each cropping system (Student’s t-test) or
between cropping systems at each location (ANOVA) likely due to the large variations in annual
nitrous oxide emissions. The perennial systems generally had a negative GWP per hectare per
year due to limited inputs and gas emissions from those systems. The material inputs that
contributed most to GWP were synthetic nitrogen fertilizers. Nitrous oxide emissions had the

greatest effect on the GWP of each cropping system of all of the gas emissions considered.



INTRODUCTION

Renewable Fuels

The Energy Independence and Security Act (EISA) of 2007 was an act created and
passed by the US government in order to increase energy security and to promote energy
independence. Part of the EISA included revisions and updates to the Renewable Fuels
Standard (RFS) program. The RFS already included framework for developing biofuels as an
alternative fuel source to reduce greenhouse gas (GHG) emissions and mitigate global climate
change (Menten et al, 2013). The newly revised program, referred to as RFS2, redefined the
criteria for renewable fuels and set volume requirements for use as transportation fuels each
year. The RFS2 requires the amount of renewable fuels produced in the US to increase each
year leading up to 36 billion gallons per year (BGY) in 2022 (US Department of Energy, 2011). In
addition to the total volume requirements, RFS2 outlines specific fuel source requirements: 16
BGY of cellulosic biofuels, 14BGY of advanced fuels, 1 BGY of biomass-based biodiesel, and 15
BGY of conventional biofuels (US Department of Energy 2011). The new definition of renewable
fuels also includes criteria for greenhouse gas emission reduction thresholds.

Starch-based ethanol and biodiesel are conventional biofuels, also called first
generation biofuels, and are the primary liquid transportation biofuels available in the US.
Currently, over 95% of the ethanol produced in the US is from corn grain (Zea mays) (Drapcho,
2008). Biodiesel production has traditionally used soybeans (Glycine max) as the main
feedstock source. In 2007, 83% of biodiesel was soybean biodiesel (US Department of Energy,
2011). Other oil seed crops, such as canola (Brassica napus) or sunflowers (Helianthus annuus),

are also used as biodiesel feedstocks, but to a much lesser extent.



From a sustainability standpoint, first generation biofuels present two major challenges:
large agronomic input requirements during the production phase and land use concerns.
Conventional commodity cropping systems use many agronomic inputs including high rates of
commercial fertilizers. The production and use of fertilizers significantly contribute to the
environmental impacts of a cropping system because of the raw material extraction and energy
use required for their production (Skowrofiska, 2014). Future cropping systems will have to
become more efficient in their use of agronomic inputs to be sustainable in the long term.
Sustainable production is necessary because biofuels produced from conventional sources are
required to reduce GHG emissions by 20% as compared to the lifecycle GHG emissions of the
2005 baseline average gasoline or diesel fuel that it replaces to be considered renewable fuels
under the RFS2 definition (Congressional Research Service, 2013). Using arable land for biofuel
feedstock production instead of food production has been a source of controversy for
policymakers. In 2010, 38% of corn grain produced in the US was used for ethanol production,
totaling 13.2 billion gallons of ethanol and 39 million metric tons of dry distiller grains (US
Department of Energy, 2011; ethanolrfa.org, 2014). Dry distiller grains (DDG) are an important
co-product of ethanol production and are used as a high quality livestock feed. According to the
Renewable Fuels Association, nearly one-third of the corn grain used for ethanol production is
not removed from the food market. Demand has grown for ethanol in the US due to increased
gasoline blend requirements (E-15) and the introduction of Fuel Flex vehicles (E-85). As the corn
grain ethanol market continues to expand, food vs. fuel becomes a concern due to biofuels

feedstock production taking acres away from food production. With the world’s population



expected to increase to 9+ billion people by 2050, food production will have to increase 50-80%
during the same time period (Brentrup, 2008).

Cellulosic derived ethanol, a second generation biofuel, has been proposed as a viable
alternative to using traditional food crops as biofuel feedstocks. Cellulosic ethanol is produced
by breaking down lignocellulos in plant biomass to simple sugars, mainly glucose and xylose.
The simple sugars are fermented into ethanol. Feedstocks for cellulosic ethanol have been in
development since 1976 when the US Department initially funded research programs to
identify high-yielding herbaceous biomass crops (Wright, 2007). In 1991, switchgrass (Panicum
virgatum) was identified as a ‘model’ bioenergy crop (US Department of Energy, 2011). Since
the early 1990’s various other grass and woody species have been identified as potential
bioenergy feedstocks as well.

The purpose of cellulosic derived ethanol is that it has the potential to alleviate the
sustainability concerns caused by first generation biofuels. Dedicated bioenergy crops are not
food crops. To further reduce food vs. fuel concerns, cellulosic feedstocks have been bred to be
grown on marginal lands where sustainable food production is unlikely or impossible. Many
cellulosic bioenergy crops do not require large amounts of agronomic inputs, such as fertilizers
or herbicides, although these requirements vary by crop. High-yielding, low input biomass
systems can potentially make cellulosic ethanol able to meet the RFS2 GHG emission reduction
threshold of a 60% reduction as compared to the lifecycle GHG emissions of the 2005 baseline
average gasoline or diesel fuel that it replaces (Congressional Research Service, 2013).

Any biofuel that is not corn starch-based qualifies as an advanced biofuel under the

RFS2. Advanced biofuels can come from grain (other than corn), cellulosic sources (including



corn stover), and biomass based biodiesel (Congressional Research Service, 2013). The inclusion
of advance biofuels in the RFS2 requirements bridge the gap between first generation biofuels
and second generation biofuels and allow for a transition period while technologies and
infrastructure are developed for cellulosic biofuels. Advanced biofuels also allow for a
mandated GHG emission reduction threshold during the transition period - a 50% reduction as
compared to the lifecycle GHG emissions of the 2005 baseline

average gasoline or diesel fuel that it replaces (Congressional Research Service, 2013).

Life Cycle Assessment

Life cycle assessment (LCA) is a decision making tool used to assess environmental
impacts of a product or system. Historically, LCA has been used in the packaging and
manufacturing industries where material inputs are readily calculated and factory and process
emissions can be easily identified and quantified for each life cycle stage. Due to the
overwhelming success of LCA studies in these industries, LCA work has expanded into other
applications such as agricultural systems. The first biofuel LCA was published by Kaltschmitt et
al in 1997 and focused on first generation biofuels. After that initial study, LCA had become an
accepted and highly used approach to study environmental impacts, including GHG emissions
of biofuels (Menten et al, 2013).

During a life cycle assessment, the entire life cycle of a system is broken down into all of
its life stages starting with the ‘cradle’, extraction of resources, to the ‘grave’, end of life. Each
life cycle stage is examined and weak stages can be identified. The principles and framework for

life cycle assessment are defined in ISO 14040:2006 with additional requirements and



guidelines defined in I1ISO 14044:2006. A complete LCA is composed of four main phases: (1)
goal and scope definition, (2) life cycle inventory, (3) life cycle impact assessment, and (4) life

cycle interpretation. LCA phases are interconnected as shown in Figure 1.

Goal and Scope Definition :

1Y

Life cycle inventory (LCl)

Ry
Life cycle impact :>
<4

assessment (LCIA)

Life cycle
interpretation

40

Figure 1. A visual depiction of life cycle assessment.

Other than the general guidelines and requirements outlined in ISO standards, there is
no standardized methodology for conducting life cycle assessments. The lack of standardization
in LCA makes it hard to compare results of one study to another. Agriculture LCAs also face a
unique set of challenges that cause a great deal of variation and uncertainty in the results
(Kendall et al, 2013). Obvious differences such as climate, soil type and health, and
management practices vary greatly by region and can have a major impact on the agronomic
inputs and yields of cropping systems. Many biofuel LCAs rely on data from computer simulated

cropping systems such as the CERES-EGC model to estimate crop yields and environmental



emissions for their life cycle inventory (LCI) (Bessou, 2012). Very few LCAs review used field
data and/or field measured gas fluxes in their life cycle inventories. The use of experimentally
determined field data can improve the data quality component of the LCl in cropping system
LCAs and tailor results to specific geographic regions and management practices.

The type of LCA and other LCA methodology choices will also impact the results of a
study. There are two types of LCAs, attributional and consequential. LCAs have traditionally
been conducted as attributional LCAs. Usually retrospective, this method simply evaluates the
inputs and outputs of life cycle and identifies areas of greatest potential environmental impact.
Consequential LCAs are usually prospective and consider changes to a life cycle in order to
reduce potential environmental impacts. Consequential LCAs also consider direct and indirect
impacts of changing the life cycle (Kendall et al, 2013). The effects of indirect land use changes
are especially important to biofuel production but are hard to study even with consequential
LCAs. Consequential LCAs require significantly more time, and resources, and are more costly,
yet still can have high levels of variability and uncertainty due to direct and indirect system
changes. The LCA conducted in this research will be a retrospective attributional LCA and will
not account for land use changes cause by dedicated biofuel crops replacing food crops on
arable land in the study locations.

Functional unit choice has been shown to significantly impact the results of a biofuel
LCA (Caffrey, 2012). The functional unit is a measure of the intended function for the system.
Biofuel LCAs commonly use one of three functional units: energy (ie. MJ of energy), land area
(ie. hectare of land), or mass (ie. kg of corn grain). Mass based functional units are used when

comparing systems with the exact same product; for example comparing switchgrass harvest



strategies would use a function unit of kilograms of dry switchgrass biomass. Energy functional
units are useful when comparing feedstocks that produce different products; for example
comparing corn grain ethanol to soybean biodiesel might use a functional unit of MJ of energy.
Land area functional units are used when the intensity of cropping systems is to be compared
(Skowronska et al, 2014). A land area functional unit will be primarily utilized in the LCA
conducted in this research. Using a land area functional unit also increases the practicality of

the research in terms of the future bioenergy feedstock considerations from the results.

GLBRC Biofuels Cropping Experiment

The Great Lakes Bioenergy Research Center (GLBRC) is one of three bioenergy research
centers created and funded for five years by the US Department of Energy (DOE) in 2007. In
2013, funding was extended for an additional five years. The GLBRC mission statement is as
follows: “to perform the basic research that generates technology to convert cellulosic biomass
to ethanol and other advanced biofuels.” (GLBRC, 2014). The GLBRC is broken down into four
main areas of research Area 1: Plants, Area 2: Deconstruction, Area 3: Conversion, and Area 4:
Sustainability. Each area is further divided into specific areas of interest. Through collaboration
between research areas, large-scale research is made possible. One such large-scale research
effort is the GLBRC Biofuels Cropping System Experiment.

The goal of the GLBRC Biofuels Cropping System Experiment is to model the production
efficiencies of novel bioenergy crop production systems. The experiment includes “assessing

crop yield and quality, microbial-plant interactions, biogeochemical responses, water needs,



greenhouse gas fluxes, nutrient leaching to groundwater, biodiversity responses and

socioeconomic impacts” (GLRBC, 2014).

Objective

The objective of this research is to perform an attributional life-cycle assessment to
evaluate the global warming potential of the production phase the main plot treatment
cropping systems located in the GLBRC Biofuels Cropping Experiment. The life-cycle inventory
will primarily consist of the actual field data acquired between experiment establishment in
2008 and the end of the growing season in 2012. Field data includes material inputs and non-
material inputs. Experimentally derived nitrous oxide (N,O) gas flux data will also be used in the
life-cycle inventory. Life-cycle assessment software GaBi 6.0 (P.E. International) will be used to

create representative models of each cropping system.

MATERIALS AND METHODS

Field Experiment

The GLBRC Biofuels Cropping System Experiment intensive sites were established in
2008 at the Arlington Agricultural Research Station (ARL) (43°18°10.2”N, 89°20'43.0” W) in
Arlington, Wisconsin with a second location at Kellogg Biological Station (KBS) (42°24’19”N,
85°24’04”W) in Hickory Corners, Michigan. The experimental design is randomized complete
block design with five blocks. The experiment has ten cropping system treatments. Plots are
approximately 40 meters long by 28 meters wide with an area of 0.12 hectares. Field layouts

are shown in Figures 1 and 2. Prior to experiment establishment in 2008, alfalfa was grown on



the entire KBS site and on blocks 1, 2, and 3 at ARL. Blocks 4 and 5 at ARL had corn as the

previous crop. Field activities from both locations have been carefully tracked and recorded for

each system since establishment in 2008.
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Main Plot Treatments

Annual Cropping System Treatments

Table 1. Annual cropping system crops by year. Variety information is included in the appendix.

Year Treatment |Treatment Name Crop
2008

2009

2010 G1 Continuous Corn corn
2011

2012

2008 corn
;g?i &2 Corn-5oybean-Canaola rotation “QI‘““’““EEHE?:”
2011 corm
2012 Continuous Corn + cover crops corn
2008 soybean
iggi G Corn-Soybean-Canola rotation Wfir“ﬂf“ia
2011 soyhean
2012 Corn-Soybean rotation + cover crops corn
2008 canola
o Corn-Soybean-Canola rotation com
2010 G4 soybean
2011 canala
2012 Corn-Soybean rotation + cover crops soybean
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Perennial Cropping System Treatments

Table 2. Perennial cropping system crops by year.

System  System Name Group Species (/atin) Common Name / Variety
G5 Switchgrass Graminoids C,  Panicum virgatum switchgrass / Cave-in-rock
G6 Miscanthus Graminoids C,  Miscanthus x giganteus giant miscanthus
G7 Native Grass Mix  Graminoids C;  Elymus canadensis Canada wildrye
C,  Panicum virgatum switchgrass
Andropogon gerardii big bluestem
Schizachyrium scoparium little bluestem
Sorghastrum nutans Indiangrass
G8 Hybrid Poplar Populus nigra x P. Hybrid poplar / NM6
maximowiczii
G10 Prairie Grass Mix ~ Graminoids C;  Koeleria cristata prairie Junegrass
Elymus canadensis Canada wildrye
C,  Panicum virgatum switchgrass
Andropogon gerardii big bluestem
Schizachyrium scoparium little bluestem
Sorghastrum nutans Indiangrass
Legumes Desmodium canadense showy ticktrefoil
Lespedeza capitata roundhead lespedeza
Baptisia leucantha white false indigo
Early forbs Rudbeckia hirta blackeyed Susan
Anemone canadensis Canadian anemone
Asclepias tuberose butterfly milkweed
Mid forbs Silphium perfoliatum cup plant
Monarda fistulosa wild bergamot
Ratibida pinnata pinnate prairie coneflower
Late forbs Solidago rigida rigid goldenrod

Solidago speciosa

showy goldenrod

Aster novae-angliae

New England aster
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Treatment Descriptions

G1 - Continuous Corn

Continuous corn is a common system in the Midwestern United States. The purpose of
this treatment is to represent an annual high-input cropping system and act as a basis for

comparison with other systems.

G2 - Continuous Corn + Cover Crops

In the 2012 growing season, the canola phase was eliminated from the experiment
because canola isn’t a widely grown crop the Midwest. The change from a corn-soybean-canola
rotation to a corn-soybean rotation better reflects current cropping practices in the region. To
replace the rotation, an annual conventional corn with cover crops system was added.
Conventional corn with cover crops will provide a comparison for treatment G1. Cover crops
provide cover during winter months reducing erosion and can provide nitrogen credits to the

system if legumes such as red clover are used as cover crops.

G2 - Corn - Soybean - Canola rotation / G3 - Soybean - Canola - Corn rotation / G4 - Canola -
Corn - Soybean rotation

Treatments G2, G3, and G4 had the same annual corn-soybean-canola rotation systems
in 2008, 2009, 2010, and 2011, but each treatments represents a different entry point of the
rotation. The purpose of this is to have one treatment of corn in rotation, one treatment of
soybeans in rotation and one treatment of canola in rotation each study year. The introduction
of canola into the basic corn-soybean rotation increases the biodiversity of the rotation, and if

winter canola varieties are used can provide vegetative cover during winter months to reduce
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erosion. Canola biodiesel has a lower gel temperature than soybean biodiesel which can make

canola biodiesel favorable in cold environments.

G3 - Corn-Soybean Rotation + Cover Crops / G4 - Soybean-Corn Rotation + Cover Crops

The canola phase was removed in 2012 and future experiment years to accommodate
the implementation of the cover crop systems. An annual corn-soybean rotation is more
common than corn-soybean-canola rotation in the Midwestern US and therefore the new
treatment is a better representation of cropping systems found in the region. Cover crops were

also included in this treatment for the same reasons listed above.

G5 - Switchgrass

Switchgrass was identified by the US DOE as a ‘model’ bioenergy crop in 1991 and is still
considered a bioenergy feedstock of major importance (US Department of Energy, 2011).
Native to the US, switchgrass is a perennial grass capable of producing up to 10 tons of biomass
per acre in northern climates (MSU Extension, 2007). Switchgrass is direct seeded. Issues can
arise with hard seed, so seeding rates are generally inflated to ensure even stand emergence
(Hedtcke et al, 2014). Stand establishment can take 2-3 years to reach peak biomass vyields. A
first year biomass harvest is not recommended and could affect the overwintering ability of the
stand. First year management generally includes weed control (herbicide or mowing) but no
fertilizer application. Management in subsequent years requires only fertilizer application,

specifically nitrogen. Switchgrass can be used for cellulosic ethanol or co-fired with coal.
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G6 - Miscanthus

Giant miscanthus (Miscanthus x giganteus) is a cross between Miscanthus sinensis and
Miscanthus sacchariflorus and is a prime example of hybrid vigor. Giant miscanthus produces
more biomass than either of its parents and is sterile. Miscanthus must be propagated by
rhizome which reduces concerns of it becoming an invasive species. Miscanthus is a perennial
crop capable of producing large amounts of biomass with yields reaching 10-15 tons per acre in
northern climates (MSU Extension, 2007). Stand establishment may take several years to reach
peak biomass. A first year biomass harvest is not recommended and could affect the
overwintering ability of the stand. First year management generally includes weed control
(herbicide or mowing) but no fertilizer application. Management in subsequent years requires
only fertilizer application, specifically nitrogen. Although miscanthus is a viable feedstock for
cellulosic ethanol, the relatively high lignin content makes it a better direct combustion fuel

source with current conversion technologies.

G7 - Native Grass mix

The Native Grass mix contains five perennial grass species native to the US. See Table 2
for complete species list. The purpose of G7 is to serve as an intermediate between the highly
diverse G10 system and the monoculture G5 switchgrass system. Biomass harvested at the end

of each season could theoretically be used for cellulosic ethanol production.

G8 - Hybrid Poplar
Hybrid poplar is a fast growing tree species and is the only woody species included in

this cropping experiment. Hybrid poplar is also the only crop in this experiment that is not
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harvested each year. Hybrid poplar is vegetatively propagated by cuttings called whips.
Predation by animals and weed competition can be an issue during the initial establishment
phase and must be controlled to ensure even stand establishment. Hybrid poplar can be used
as a cellulosic feedstock however the moderately high lignin content makes conversion under
current technologies not ideal. Genetically modified hybrid poplar varieties with reduced lignin

contents are currently in development.

G9 - Old Field

As opposed to the high-input continuous corn G1 treatment, the old-field treatment is
the low-input treatment in this experiment used for comparison with other systems. The old-
field treatment was tilled at establishment (as was every treatment) in 2008 but nothing was
planted. Whatever seeds were present in the soil seed bank were able to germinate and grow
unregulated. The Old-field treatment is considered a perennial treatment because the seed
bank and essentially the weeds in the plots produce seed to grow the next years ‘crop’. This
treatment received annual nitrogen application so it cannot be considered an untreated
control. Biomass harvested at the end of each season could theoretically be used for cellulosic

ethanol production.

G10 - Native Prairie

The Native Prairie treatment is the high-diversity, low input (HDLI) treatment in this
experiment. This treatment contains a perennial mixture of six grasses, three legumes, three
early forbs, three mid forbs and three late forbs. See Table 2 for complete species list. All of the

species in this treatment are native to the US and would have been found naturally across the
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Midwestern prairies before production agriculture. This treatment did not receive
supplemental nitrogen fertilizer. Biomass harvested at the end of each season could

theoretically be used for cellulosic ethanol production.

Goal and Scope Definition

Goal

The goal of this research was to conduct an attributional life-cycle assessment (LCA) to
identify and compare the global warming potential of the main plot treatment in each cropping
systems in the GLBRC Biofuels Cropping Experiment on a land area basis. The functional unit is
one hectare of arable land per year. Systems with the lowest environmental impacts,

specifically, the lowest global warming potential, will be highlighted for future research.

Temporal and Geographic Scopes

The time frame for this research is from experiment establishment in the spring of 2008
through harvest in 2012.

Experimental locations were located in the north central US, therefore management
practices and the grain and biomass yields are reflective of the climate and soil conditions of
the region. During the study years, the average annual temperature was 6.8°C and average
annual precipitation was 913 mm at the ARL location (National Weather Service, 2014). The
average annual temperature was 9.2°C and average annual precipitation was 878 mm at the
KBS location (MSU Enviro-weather, 2014). Plano silt-loam (Family: Fine-silty, Mixed,
Superactive, Mesic Typic Argiudolls) is main soil series present at the ARL experiment site. This
soil was formed under prairie vegetation in loess deposits over calcareous glacial till and
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contained 3.8% soil organic matter (SOM). The drainage class of this soil is well drained.
Kalamazoo loam (Family: Fine-Loamy, Mixed, Semiactive, Mesic Typic Hapludalfs) is the main
soil series present at the KBS experiment site. This soil was formed under forest vegetation in
loamy outwash overlaying sand and gravel and contained 2.4% SOM. The drainage class of this
soil is well drained. Soil information is from an unpublished manuscript from Gregg Sanford at
the University of Wisconsin — Madison.

Hybrid poplar, treatment G8, was intentionally left out of this study. Hybrid poplar was
established when the experiment began 2008 but was not completely harvested within the

timeframe of this study. Hybrid poplar was harvested in late 2012 at ARL and early 2013 at KBS.

System Boundary

Because the goal of this study is specific to the cropping system phase of biofuel
feedstock production, the system boundary will be cradle-to-field gate. Using cradle as the
starting point of this study ensured that the extraction and production of agronomic inputs was
considered. However, the labor in man hours and all other factors pertaining to the farm
workers, including but not limited to transportation to work, calories consumed, human health
index, were not considered in this study. Field gate is the point at which crops were harvested
from the field but have not left the field or been transported away from the field.
Transportation to storage facilities on the farm, grain elevators, biomass processing facilities, or
bio-refineries is outside of the system boundary for this study because it is dependent on the
type of feedstock harvested (grain or biomass). Differences in feedstock transportation should
be considered in life-cycle assessments where conversion is the end point in the system
boundary (ie. not this study).
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Co-Products and Allocation

Identification of co-product allocation procedures in LCAs is required by the 1SO
standards. Due to the complex nature of agricultural systems, allocation procedures are rarely
consistent between studies and are at the discretion of the researcher. In this study, the only
co-product was the crop residue returned to the soil after grain and biomass harvest. Crop
residue from the previous year was considered part of the soil due to cropping system
modeling limitations imposed by the LCA software. Crop nutrition requirements were
calculated based on soil sampling each year and therefore included nutrients returned to the
soil from the previous crops residue. A similar approach was used by Bessou et al. 2012 for

modeling sugar beet cropping systems.

Life Cycle Inventory (LCl)

The life cycle inventory (LCI) for the LCA used as much experimentally derived data as
possible. Experimentally derived data comes from the field data and observed gas fluxes from
the GLBRC Biofuel Cropping System Experiment. Field data including but not limited to: material
inputs, field operations, and yield data from each location, was carefully tracked and recorded
since experiment establishment. With authorization, field data logs can be accessed at

data.sustainability.glbrc.org under the heading ‘GLBRC Biofuel Cropping System Experiment’.

General Management Practices
Crop management decisions were based on best management practices and Extension
recommendations for each location and were dependent on local climate and soil properties.

Nitrogen rates for corn systems were calculated using the Maximum Return to Nitrogen tool
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and depended on soil type, previous crop, yield expectation, nitrogen cost, and corn price.
Annual crop variety information can be found in Table 6 of the Appendix. Soil tests were
conducted at the beginning of each growing season and together with rotation sequence (in the
annual cropping systems) were used to determine fertilizer requirements each year. Soil pH
was adjusted in all plots with dolomitic lime prior to experiment establishment at ARL. Based on
soil test results, pH adjustment was not required at KBS.

Tillage operations were performed only in 2008 at experiment establishment on all
plots. Tillage was more extensive at ARL than KBS. At ARL, a chisel plough was used as primary
tillage. During secondary tillage plots were disked, field cultivated and culti-packed. At KBS,
secondary tillage from a soil finisher was the only tillage operation. No-till planting and
management practices were used in subsequent years for all of the annual treatments.

Production scale equipment was used to harvest all crops. Corn and soybean harvest
occurred after physiological maturity (black layer in corn, 95% of pods reached full color in
soybeans) and when the grain reached optimum moisture content for grain quality and safe
storage. Canola was swathed at 60% seed color change and then combined five to fourteen
days later. Perennial crops were harvested within two weeks of the first killing frost (-3°C) of
the fall. At ARL, perennial crops were windrowed then chopped with a self-propelled forage
harvester. At KBS, perennial crops were direct chopped with a self-propelled forage harvester.
All perennial crops were cut a 15 cm stubble height.

Table 3 presents an overview of the management practices and inputs used in each
cropping system by location. The solid grey color indicates the systems received that particular

input.
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Table 3. An overview of the management practices and inputs used in each cropping system by location. The solid grey color

indicates the systems received the input indicated in the first column.

System

G1 / corn-rot

Soybean-rot

Canola-rot

G5

G6

G7

G9

G10

Crop

Corn

Soybean

Canola

Switchgrass

Miscanthus

Native Grass
Mix

Old Field

Prairie Grass
Mix

Location

ARL

KBS

ARL KBS

ARL

KBS

ARL

KBS

ARL

KBS

ARL KBS

ARL

KBS

ARL KBS

Average Seeding
Rate (ha™)

84,000
sds

70,900
sds

432,000 | 444,800
sds sds

6.46
kg

11.34
kg

7.6 kg

17,200

rhizomes

16,714
rhizomes

8.9 kg

0 kg

8.5 kg

Row Spacing

76 cm

Ammonium
Polyphosphate
(10-34-0)

Monoammonium
Phosphate
(11-52-0)

Custom Starter
(5-14-42)

Urea Ammonium
Nitrate
(28-0-0)

Ammonium
Nitrate
(34-0-0)

Urea
(46-0-0)

Potash
(0-0-60)

Weed
Control

38 cm

19cm
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LCI Calculation

Treatments G1, G5, G6, G7, G9, G10

Each material input was averaged across the five treatment years to come up with one
representative value to plug into the cropping system models. Field data used Imperial
measurement units so everything was converted to metric units as well (ie. kg, ha). For
example, G1-Continuous Corn at KBS was planted at 28,000 seeds acrein 2008, 28,000 seeds
acretin 2009, 28,000 seeds acretin 2010, 29,300 seeds acretin 2011, and 30,200 seeds acre”

in 2012. The value for corn seed in the G1-Continuous Corn at KBS model is 20.05 kg.

(28,000 + 28,000 + 28,000 + 29,300 + 30,200) =+ 5 years = 28,700 seeds acre™

28700289, 1 A 70,919 seeds hectare™

’ acre ~ 0.404686 hectare seeds hectare
( 70,919 x 56.25) 9ooooseeds>x 1 k8 5005 ke hectare™
(70, oo’ 0 bu ) 221ps <007 KEhectare

A complete list of material input values used in the cropping system models is located in
Appendix Table 16 for ARL and Appendix Table 10 for KBS. Estimated diesel use was calculated
for each piece of equipment based on equipment type and horsepower using the MSU
Extension Custom Machine and Work Rate Estimates for 2013. A complete list of equipment
used can be found in Appendix Table ##.

Non-material inputs included all field operations, tillage, planting, fertilizing, weed
control (spraying), and harvesting, and arable land (recall, 1 ha year™" is the functional unit).
Non-material inputs were averaged across the five treatment years to come up with one

representative value to plug into the cropping system models the same way as the material
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input values were calculated. A complete list of non-material input values used in the cropping
system models is located in Appendix Table 17 for ARL and Appendix Table 11 for KBS.

Yields were also averaged across the five treatment years. The average corn grain yield
in Mg was calculated for G1-Continuous Corn. Stover was not considered in this study. Mg of
dry matter biomass was used for the perennial treatments. Treatments were primarily studied
and compared based on a land area basis (1 ha year'l), however, treatment yields were
converted to predicted biofuel energy in MJ and compared on a per energy basis. The purpose
of this was to show that functional unit choice would significantly impact the results of the LCA.
To convert yields (Mg) to energy (MJ), equations [1], [2], [3], and [4] in the Appendix were used.
Continuous corn produced the greatest amount of energy (in MJ) at each location and set to a
factor of 1. The other treatment cropping system models were scaled appropriately based on

their estimated energy production in MJ compared to the continuous corn treatment.

Rotational Treatments G2, G3, G4

Rotational treatment material and non-material input model values were calculated in
much of the same way as the other treatment model values. The difference was that the
rotational systems were separated into models for each crop in the rotation. Corn in rotation
(corn-rot) was an average of six treatment years: G2-2008, G2-2011, G2-2012, G3-2010, G3-
2012, and G4-2009. Soybeans in rotation (soybean-rot) was an average of five treatment years:
G2-2009, G3-2008, G3-2011, G4-2010, and G4-2012. Canola in rotation (canola-rot) was an
average of four treatment years: G2-2010, G3-2009, G4-2008, and G4-2011.

A rotational system model was also created: the corn-rot values were multiplied by six
(treatment years), the soybean-rot values were multiplied by five, and the canola-rot values
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were multiplied by four. Each input value was summed and then divided by fifteen treatment
years.

Material and non-material input values for the corn-rot, soybean-rot, canola-rot, and
the rotational system cropping system models for each location are also located in Appendix

Tables 10, 11, 16, and 17.

Greenhouse Gas Fluxes

Carbon dioxide, nitrous oxide and methane are the major greenhouse gases that
contribute to global warming. Methane emissions from cropping systems have been proven to
have an insignificant affect on global warming potential compared to carbon dioxide and
nitrous oxide (Bessou et al. 2012, Menten et al. 2013, Skowronska et al. 2014). For this reason,
the methane gas fluxes of the cropping systems were not considered in this study.

All of the treatments in this study except for treatment G10 and the soybean phase of
the rotation systems received nitrogen fertilizer applications. Nitrous oxide is naturally
produced in soils during nitrification and de-nitrification (Huang, 2014). However, the most
important nitrogen emission is nitrous oxide (N,0O) in terms of global warming potential
because of its radiative effect in the atmosphere. One kg of nitrous oxide has the effect of 298
kg of carbon dioxide on global warming potential. Global warming potential is expressed in
units of carbon dioxide equivalents (CO,-equiv, CO;-e). Studying nitrous oxide gas fluxes will
help researchers evaluate options for emission mitigation through management practice
changes and/or policy intervention. Nitrous oxide emissions from the cropping systems were

experimentally determined by the GLBRC Area 4.3 Biogeochemical Research Group.
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Estimating N,O emissions

The N,0O emission estimation protocol is an excerpt from Oates et al. (unpublished
2004). “While soil temperatures were consistently > 0 C, nitrous oxide (N20) fluxes were
measured twice monthly, as well as immediately following precipitation events (Robertson et
al., 2000) using vented static chambers (Livingston & Hutchinson, 1994). The chambers had a
28.45 cm diameter and 18 cm headspace height and were inserted 5 cm below the soil surface.
Chamber lids were modified with a septum for gas extraction and a vent to allow for chamber
pressure equilibration. Tubing was attached to the vent prior to capping and hung inside the
chamber to reduce possible crosswind induced loss of gas from the chamber vent. Headspace
gas from within the chambers was extracted immediately following lid placement with a 30 mL
nylon syringe and a 23-gauge needle. Three subsequent extractions were made at 20-min
intervals over a 60-min period. Glass 5.9 mL Exetainer vials (Labco Limited, Buckinghamshire,
UK) were flushed with 20 mL of extracted sample and then overcharged with 10 mL of sample
to facilitate sample extraction for analysis (Parkin & Venterea, 2010). Field standards (1 ppm
N20) and ambient air were also loaded into vials at this time to assess ambient GHG
concentrations and potential storage-vial degradation in the period between sampling and
analysis. Samples were analyzed by gas chromatography using an electron capture detector
(micro-ECD, Agilent 7890A GC System, Santa Clara, CA, USA).

“Carbon dioxide (CO,) accumulation was used to evacuate compromised vial through a
visual inspection process which could result in deletion of a single observation in a series, or the
removal of the entire series. Samples passing visual inspection were analyzed with the HMR

package (v0.3.1, Pedersen 2012) in the R statistical environment (“warm puppy” version, R Core
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Team, 2013). Briefly, the method fits trace gas concentration time series with either a nonlinear
model (Hutchinson and Mosier 1981) or linear regression, or identifies the series as a null flux.
When the 95% confidence interval of a nonlinear flux estimate did not include the
corresponding linear flux estimate, the nonlinear estimate was used for that series; in all other
cases, linear flux estimates were used. Daily fluxes were aggregated to an annual scale by
linearly interpolating between consecutive sampling dates and integrating (Smith & Dobbie,
2001).”

A decision making tree was constructed by the Area 4.3 research group to determine
whether a given flux was linear, non-linear, or absent. If a non-linear flux were assumed to be
linear, the nitrous oxide emission would be greatly overestimated for that sample. Non-linear
fluxes were quantified using the Hutchinson and Mosier (1981) approximation. Absent fluxes
were given a value of ‘zero’. Once the daily fluxes were determined, the annual nitrous oxide
flux was calculated for each system by linear interpolation. The annual nitrous oxides fluxes for

2008 through 2012 were averaged into an average annual N,O flux value for each system.

Gas Flux and Models

Nitrous oxide emissions were considered non-material outputs in the cropping system
models. Values were plugged into the cultivation process of each model and are located in
Table 16 of the Appendix for the ARL cropping system models and in Table 10 of the Appendix
for the KBS cropping system models.

Although carbon dioxide flux data has been collected by the Area 4.3 research group for
the cropping systems at both locations, the short term duration of the study was considered
insufficient to make meaningful conclusions on soil carbon changes attributable to the specific
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cropping systems. Therefore, carbon dioxide flux values were based on 20-year soil carbon
research conducted at the Long Term Ecological Research (LTER) experiment located at Kellogg
Biological Station (Gelfand, in press). If soil carbon is increasing for a treatment, the treatment
is sequestering carbon in the form of carbon dioxide from the atmosphere. This will decrease
the global warming potential for the treatment. If soil carbon is decreasing for a treatment, the
treatment is emitting carbon in the form of carbon dioxide to the atmosphere. This will increase
the global warming potential for the treatment. Carbon dioxide values are considered non-
material inputs (sequestration) or non-material outputs (emission) in the cropping system
models. Carbon dioxide flux values are plugged into the cultivation process of each model and
are located in Table 13 of the Appendix for the ARL cropping system models and in Table 13 of

the Appendix for the KBS cropping system models.

GaBi 6.0 Professional + Extension Database

Aggregated process data contained in the Professional + Extension 2012 database in
GaBi 6.0 was used for the material and non-material input extraction and production processes
in the cropping system models. Processes derived from US data were used whenever possible
in the cropping system models. When US derived processes were absent from the Professional
+ Extension 2012 database, processes derived from Canadian data were used instead. If both US
and Canadian derived processes were absent from the database, any available European
processes were used. Cropping system models differ by location due to differences in
agronomic inputs and management practices. The final ARL cropping systems models are
depicted in Figures 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13. The final KBS cropping system models are
depicted in Figures 14, 15, 16, 17, 18, 19, 20, 21, 22,and 23. Solid blue arrows indicate material
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inputs. Solid black arrows indicate material energy inputs. Dashed blue arrows indicate non-

material inputs. Arrows are scaled to show their relative contribution to the system based on

mass in kilograms. Material and non-material outputs are not depicted in the cropping system

models.
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Figure 5. Cropping system model of corn in rotation (corn-rot) at ARL.
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Figure 11. Cropping system model of G7 Native Grass mix at ARL.
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Figure 13. Cropping system model of G10 Native Prairie mix at ARL.
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Figure 14. Cropping system model of treatment G1 Continuous at KBS.
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Figure 15. Cropping system model of corn in rotation (corn-rot) at KBS.
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Figure 16. Cropping system model of soybeans in rotation (soybean-rot) at KBS.
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Figure 17. Cropping system model of canola in rotation (canola-rot) at KBS.
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Figure 19. Cropping system model of G5 Switchgrass at KBS.
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Figure 20. Cropping system model of G6 Miscanthus at KBS.
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Figure 21. Cropping system model of G7 Native Grass mix at KBS.
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Figure 22. Cropping system model of G9 Old Field at KBS.
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Figure 23. Cropping system model of G10 Native Prairie mix at KBS.

Life-Cycle Impact Assessment (LCIA)

The purpose of the life cycle impact assessment phase is to characterize LCI results into

impact categories consistent with the LCA goal. Impact categories can be classified as either

midpoint or endpoint. Midpoint categories reflect the magnitude and significance of an

environmental emission (calculated in the life cycle inventory) for a system (Bare, 2002).
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Midpoint impact categories require simpler models and reduce the uncertainty of the LCIA
results due to limiting forecasting and assumptions as compared to endpoint impact categories.
Endpoint categories reflect the larger impacts of a life cycle by aggregating multiple impact
categories into a single value or score. When aggregating impact categories, specific categories
can be weighted based on their perceived relevance to the endpoint. Endpoint impacts can be
more comprehensive and leave less room for interpretation than midpoint impacts. The
advantages and disadvantages of both types of impact categories should be considered when
selecting a life cycle impact assessment methodology.

The goal of this life cycle assessment research was to determine the global warming
potential (GWP) of each cropping system, therefore a life cycle impact assessment (LCIA)
methodology that included GWP was required for this study. When choosing an LCIA
methodology it is also important to consider the geographic parameters included in the
methodology framework. Many of the original LCIA methodologies were developed with
European parameters and considerations, for example CML 2001 and ReCiPe were both
developed in the Netherlands. The geographic scope of this LCA was the north central United
States, so methodologies developed for use in Europe likely would not accurately reflect
environmental impacts or systems in the US. The LCIA methodology used in this study was

TRACI 2.0 because it includes GWP and was developed for use in the US.

TRACI Impact Assessment Methodology

The Tool for the Reduction and Assessment of Chemical and other environmental
Impacts (TRACI) impact assessment methodology was developed by the US Environmental
Protection Agency (EPA) in 2002 with US parameters and characterization factors (Bare, 2002).
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An updated and expanded version, TRACI 2.0, was released in 2011. TRACI 2.0 methodology is
built into the LCA software, GaBi 6.0, used in this study.

TRACI 2.0 includes midpoint impact categories for ozone depletion, global warming,
acidification, eutrophication, smog formation, human health (particulate, cancer, non-cancer),
ecotoxicity, and fossil fuel use (Bare, 2002). Figure 24 shows the impact categories included in

TRACI 2.0 and their possible endpoints.

Midpoint Impact Categories

Ozone Depletion \ Possible Endpoints

Ecotoxicity Human Health

Acidification
Eutrophication
Smog Formation Ecosystem Quality
Human Health:
Particulate
Cancer Climate Change

Non-Cancer

Global Warming Potential

//v Resource Depletion
Fossil Fuel Use

Figure 24. An overview of TRACI 2.0 midpoint impact categories and possible endpoints.

41



Global Warming Potential Impact Characterization

Greenhouse gases (GHG) that contribute to global warming potential (GWP), as
determined by Intergovernmental Panel on Climate Change (IPCC), are included in the TRACI
2.0 midpoint category for GWP. Each gas has its own characterization factor based on a
chemical’s radiative efficiency and lifetime (IPCC, 2007) as compared to carbon dioxide (the
established measurement system). Characterization factors for GWP are determined for a given
time horizon, either 20-year, 100-year, or 500-year (IPCC, 2007). This study will use the 100-
year time horizon. The mass of an emission is multiplied by the characterization factor resulting
in the global warming potential for that emission. The global warming potential for every

emission of the life cycle is summed to get the total global warming potential (Bare, 2002).
Global Warming Potential of the life cycle = Z e; X GWP;
i

e;j=emission in kg
GWP; = global warming potential of substance i=characterization factor of substance i
The GHG emissions from each system were calculated in the life cycle inventory phase.
The pathway between the life cycle inventory phase and the life cycle impact assessment phase

for GWP is shown in Figure 25.
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Figure 25. Global warming potential pathway starting at the life cycle inventory phase.

RESULTS

Life Cycle Interpretation

Global Warming Potential

Nitrous Oxide Emissions and Global Warming Potential

The nitrous oxide emissions of a cropping system had a large impact on the global
warming potential (GWP) of that system. The average annual nitrous oxide emissions are
shown in Figure 26. Error bars represent one standard deviation of the treatment mean for the

annual nitrous oxide emissions of each system.
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Figure 26. Average annual nitrous oxide emissions of each cropping system for the study years
2008-2012. The * indicates the rotational system values were composed of corn-rot, soybean-
rot, and canola-rot data and not directly measured. Error bars represent one standard deviation
of the treatment mean between the annual nitrous oxide measurements for each system.

An independent-samples Student’s t-test was conducted to compare the nitrous oxide
emissions at ARL and KBS for each system. Welch’s t-test was used for the soybean-rot and G10
t-tests to account for unequal variances between locations identified from the F-test (data not
shown). All other cropping systems were assumed to have equal variances between locations
based on the results of the F-test (data not shown). The research hypothesis was that the

nitrous oxide emissions for a system would differ by location; the null hypothesis was that the

nitrous oxide emissions for a system would be the same at both locations.
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Table 4. Results of the Student’s t-test for testing the difference in nitrous oxide emissions

between locations for each cropping system (0=0.10).

System ARL mean KBS mean p-value
G1 Continuous Corn 7.58 8.62 0.8225
Corn-rot 8.35 6.21 0.5996
Soybean-rot 4.15 1.46 0.1078
Canola-rot 4.20 2.64 0.4370
Rotational System 5.84 3.74 0.2326
G5 Switchgrass 6.32 2.41 0.1731
G6 Miscanthus 3.44 3.03 0.7159
G7 Native Grass Mix 4.06 3.34 0.8127
G9 Old Field 2.93 2.00 0.2551
G10 Prairie Grass Mix 411 1.44 0.4524

The results of the two-tailed t-test failed to reject the null hypothesis for all systems
(Table 4.) at the 90% confidence level (a=0.10). Therefore, the nitrous oxide emissions for a
system did not differ significantly by location.

Analysis of variance, ANOVA, was also conducted on the nitrous oxide emissions at each
location. The ANOVA was used to test whether the means of nitrous oxide emissions were
equal for all cropping systems at one location. The research hypothesis was that cropping
systems did not emit equal amounts of N,0; the null hypothesis was that the cropping systems
emitted equal amounts of N,O. At ARL, the results of the ANOVA failed to reject the null
hypothesis (p=0.6170, a=0.10). At KBS, the results of the ANOVA rejected the null hypothesis
(p=0.0779, 0=0.10) meaning that nitrous oxide emissions were not equal across all treatments

at this location. Because the results of the ANOVA were not significant at ARL, further post-hoc
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testing (multiple comparisons) was not performed. Multiple comparison testing was performed
for KBS to identify the treatments with significant differences in nitrous oxide emission. At
a=0.10, the N,O emissions from the G1 continuous corn system and the G6 miscanthus system
were greater than the N,O emissions from soybean phase of the rotational system, p=0.0969
and p=0.0573 respectively.

The yearly variation in N,O emissions for the perennial systems is shown in Figure 27.
Perennial systems at ARL had relatively high initial emissions in 2008 compared to the other
study years. The perennial systems at KBS did not exhibit the same initial pulse of emissions as

ARL; they remained fairly constant across study years.
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Figure 27. Nitrous oxide emissions by year for the perennial cropping systems at each location.
N,O emission means within each treatment labeled with the same letter are not significantly
different from each other (t-test, a=0.10).

The yearly variation in N,O emissions for the annual systems is shown in Figure 28. Both
locations seemed to experience large pulses in nitrous oxide emissions in 2010. Annual systems

at ARL in 2012 also saw a moderate pulse in emissions relative to the previous year.
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Figure 28. Nitrous oxide emissions by year for the annual cropping systems at each location.
N,O emission means within each treatment labeled with the same letter are not significantly
different from each other (t-test, a=0.10). 2012 data was not available for KBS.
Material Inputs and Global Warming Potential

The material inputs that contributed most to the global warming potential of each
cropping system were nitrogen fertilizers. Figure 29 and figure 30 show that urea ammonium
nitrate (28% UAN) and ammonium nitrate contribute the most to the GWP of each system out

of all of the material inputs.
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Figure 29. Material input contribution to the global warming potential of each system at
Arlington Agricultural Research Station (ARL). Golden yellow bars represent urea ammonium
nitrate and royal blue bars represent ammonium nitrate.
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Figure 30. Material input contribution to the global warming potential of each system at

Kellogg Biological Station (KBS). Golden yellow bars represent urea ammonium nitrate, grey
bars represent urea, and orange bars represent monoammonium phosphate.
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ARL used urea ammonium nitrate (UAN) for corn cropping systems and ammonium
nitrate for the canola and perennial cropping systems that were fertilized. The differences in
nitrogen fertilizer type had an impact on GWP. Ammonium nitrate contributed 9.15 kg CO,-eq
to the GWP per pound of nitrogen (N) applied. Urea ammonium nitrate, a mixture of urea and
ammonium nitrate, contributed 6.5 kg CO,-eq to the GWP per pound of N applied. The use of
ammonium nitrate instead of UAN lead to a 28.9% increase in fertilizer contributions to GWP
for the perennial and canola systems. Fertilizer production effects were most likely the cause
for this difference. Fertilizer production data for ammonium nitrate and UAN is contained in the
Professional + Extension 2012 database and was derived from US production sources.

KBS used UAN as the main nitrogen source in all fertilized cropping systems and
contributed the majority of GWP from material inputs for each system. Corn systems also have
a sizable GWP contribution from monoammonium phosphate (MAP). MAP is commonly used as
a starter fertilizer in corn because it supplies both nitrogen and phosphorous, two of the
essential nutrients for plants. The canola phase of the rotation system received urea one year
instead of UAN. The use of urea instead of UAN lead to a 41.5% decrease in fertilizer
contributions to GWP for the year urea was used compared to the years UAN was used in the

canola system.

Global Warming Potential on a Land Area Basis
Figure 31 shows the global warming potentials (GWP) for each cropping system in the

GLBRC Biofuels Cropping System on a land area basis.
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Figure 31. Average global warming potential of each cropping system on a land area basis per
year for the study years 2008-2012 (GWP kg CO»-equiv ha™* yr™).

Recall, the functional unit for the LCA was one hectare of arable land per year. Except
for treatment G1 - continuous corn, ARL cropping systems had a higher GWP than KBS cropping
systems. A negative global warming potential indicates a cropping system that is sequestering

more GHG from the atmosphere than it is emitting.

Yield
Although GWP is greatest for the corn cropping systems, these systems have the highest
potential biofuel yields under current technologies. The grain yield of annual systems and the

dry biomass yield of perennial systems were recorded for each location annually (Figure 32).
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Figure 32. Annual grain yield of annual systems and dry biomass yield of perennial systems.
Means within each treatment labeled with the same letter are not significantly different from
each other (t-test, a=0.05). Yield unit is Mg ha™.

Starch-based ethanol conversion was assumed for corn grain systems, biodiesel
conversion for soybean and canola systems, and cellulosic ethanol conversion for perennial

systems. Average energy (MJ) produced by each system on one hectare of cropping system is

shown in Figure 33.
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Figure 33. Average estimated energy (MJ) produced on one hectare of each cropping system
per year for study years 2008-2012. Energy estimates based on grain ethanol for corn systems,
biodiesel for soybean and canola systems, and cellulosic ethanol for perennial systems.
Cropping system means labeled with the same letter are not significantly different between
treatments per location. (t-test, =0.10).

Conversion estimates from dry biomass to ethanol do not yet exist for the specific plant
communities contained in G6, G7, G9, and G10, so switchgrass conversion factors and estimates
were assumed for these systems.

The global warming potential of the estimated amount of gasoline displaced by each
cropping system was calculated (Figure 34.). Gasoline displacement calculations assumed the
energy in one unit of ethanol (E100) was equal to 0.7 units of gasoline (ethanol producing
systems) and one unit of biodiesel (B100) was equal to 0.921 units of petroleum-based diesel

(biodiesel producing systems). Gasoline and diesel were assigned a GWP of 91 g CO,-eq per MJ

of energy based on the standard EPA estimates in 2005.

53



¥ Gasoline Displaced

* Brofuel Crop

B Net GWP

G1 oom-rot soybean- canola- fotatonal G5 Gb LT a4 510
rot rot systenm

ARL Cropping System

£ 1000 1 B Gasoline Displaced
-1000 - : Biofuel Crop

B Ma1 GWP

[ Gl corn-rot soybean- canola- rotational G5 G Gr Ga GLD
rot rot Systam

KBS Cropping System

Figure 34. Net global warming potential mitigated (blue bar) by the biofuel crop when
compared to equal amounts of fossil fuel energy produced by each system.

An analysis was also performed on the global warming potential per MJ of energy
produced in each system. Results are shown in Figure 35. Negative values suggest that the
system is sequestering more GHG from the atmosphere than it is emitting during the cropping
phase of its life cycle. Theoretically, favorable bioenergy cropping systems should appear in the

upper left portion of the graph (high energy output and negative net GWP). The cropping

54



systems containing corn are generally the closest to this location mainly due to high yields, and

therefore potential high ethanol production.
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Figure 35. Net global warming potential (kg CO,-eq ha™ yr'!) verses the energy produced, in MJ,
by each cropping system. Cropping systems are labeled above their respective data point.

DISCUSSION

Nitrous Oxide Emissions

Nitrous Oxide emissions had the biggest effect on the global warming potential for a
system due to the radiative forcing of N,O in the atmosphere. Nitrous oxide is produced
naturally in agricultural systems through the processes of nitrification and denitrification
(Lemke et al., 2008). When weather conditions are warm and moist, soil microbes convert
ammonium (NH4") to nitrate (NO5). If nitrate is not taken up by plants it can either be leached
from the soil, or denitrified if soil conditions and microbial activity change (Lemke et al., 2008).

Denitrification is the microbial process of converting nitrate into N,O or N, gases. The gases are
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released as emissions from the soil into the atmosphere. N, gas does not have a radiative effect
in the atmosphere, and therefore is not considered a greenhouse gas. Denitrification occurs in
saturated soils (Lemke et al., 2008). Soils can become saturated after periods of heavy rainfall
and from snow melt in the spring. Nitrous oxide emissions are generally higher during the
spring due to frequent rain events and snowmelt.

The large variations in annual nitrous oxide emissions can explain why no significant
differences were identified between locations for each cropping system (Student’s t-test) or
between cropping systems at each location (ANOVA). The variations in annual N,O emissions
could be due to a number of reasons including local climate conditions and soil type and SOM.
ARL experienced slightly cooler temperatures and slightly higher annual precipitation than KBS.
The increased precipitation could have increased the soil moisture at ARL and resulted in a
greater amount of denitification compared to KBS (Lemke et al., 2008). ARL soils also had a
higher SOM content than KBS soils, 3.8% and 2.4% respectively. The decomposition of organic
matter could increase the N,O emissions from high SOM soils (Toma et al., 2011). Although the
climate and SOM contents suggest ARL should have higher average annual nitrous oxide
emissions, the statistical analysis suggests this is not the case due to high variability in nitrous

oxide emissions across both locations.

Fertilizer Sources

The results of the LCA revealed that differences in nitrogen fertilizer source had an impact
on the global warming potential. Ammonium nitrate (AN) (34-0-0) contributed about 9.15 kg CO,-
eq per Ibs of N applied; UAN (28-0-0) contributed about 6.5 kg CO,-eq per Ibs of N applied; and
urea (46-0-0) contributed about 2.69 kg CO,-eq per Ibs of N applied. 28% UAN is a mixture of equal
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parts urea and AN with enough water to keep the solution in suspension and make up the
remainder of the volume. Differences in nitrogen fertilizer source GWP is most likely due to the
production phase of the fertilizers. The production phase of a fertilizer includes the extraction of
raw materials, the production of energy required throughout the fertilizer production process, and
the transportation of fertilizers to their destination (Skowrofiska et al., 2014). Fertilizer production
mainly contributes to GWP by CO, emissions from fossil fuels used in ammonia production and by
N,0O emissions during the production of nitric acid. Overall GWP contributions will depend on the
type of fertilizer. A recent literature review on fertilizer LCAs by Skowrofiska et al., showed similar
differences between AN and urea contributions to GWP as this LCA. According to Skowrofiska et
al., the production phase of AN contributes 6.2 kg CO,-eq per kg of AN produced; urea contributes
1.59 kg CO,-eq per kg of urea produced. Although the scales and system boundaries of the
Skowroriiska et al. are slightly different from those of this study, the same general trends in
fertilizer GWP can be seen. Due to lower GWP from the production of urea fertilizers, future
fertilizer recommendations could possibly highlight urea as a more ‘environmentally friendly’
fertilizer choice. It is important to point out that urea fertilizers have the potential to be highly
volatile if not incorporated into the soil (by tillage or rainfall) soon after application. Urease

inhibitors are also a viable option to decrease the volatilization of urea fertilizers.

Corn Stover

Corn stover was not considered in this LCA because stover removal for ethanol
production was not the main plot treatment in the continuous corn system. However, because
of future large-scale production potential of cellulosic ethanol from corn stover it should be
addressed. Corn stover was harvested in the micro-plot section of each corn treatment every
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year and yields were recorded. Corn stover was removed at a rate at which the soil organic
matter content of the soil would not be greatly affected. Removing too much stover can cause a
net loss of carbon from the field resulting in higher erosion, reduced soil tilth, and a net
emission of carbon to the atmosphere (likely in the form of CO,, a GHG). ARL soils have a higher
amount of SOM compared to KBS soils, therefore larger amounts of stover were able to be
removed at ARL than KBS. The stover harvest at ARL averaged 5.84 Mg ha™ yr'. Based on a
conversion rate of 80 gallons of ethanol per ton (Sheaffer et al., 2010), the stover has the
potential to produce 41384 M) ha™ in addition to the 99522.12 MJ ha™ from corn grain ethanol
in the same system. At KBS, the average annual stover harvest was 2.07 Mg ha™ yr'l, capable of

producing an additional 14687 MJ ha™ for this system.

Perennial Crops
Miscanthus

Based on vyield, miscanthus appears to be a promising perennial crop due to its high
biomass vyields and therefore high cellulosic ethanol yield potential. The miscanthus cropping
system performed well in the life cycle analysis. The global warming potential for miscanthus was
slightly positive at ARL (68.7 kg CO,-eq ha™ yr?), but negative at KBS (-354 kg CO,-eq ha™ yr?).
Due to an unadvised first-year biomass harvest, miscanthus winter killed after the 2008 growing
season at ARL. The re-establishment of the miscanthus stand at this location may have
contributed to a slightly positive GWP. Biomass was not harvested in 2009 or 2010 at ARL to
avoid winter kill in the re-established stand. The lack of yield data for these years reduced the dry
biomass yield average for ARL miscanthus as seen in Figure 33. If miscanthus had not winter killed

at ARL the average yield would be expected to exceed the KBS average yield for 2008-2012.

58



Old Field Treatment

The biomass yields for treatment G9 - Old Field were fairly consistent across study years
for each location. However, the species composition of the harvested biomass changed
drastically. At ARL, the plant communities in 2008 and 2009 were dominated by summer annual
species: Echinochloa crus-galli (L.) beauv (barnyard grass), Setaria pumila (Poir.) Roem & Schult
(yellow foxtail), Abutilon theophrasti (velvetleaf), Chenopodium album (L.) (lambsquarters), and
Polygonum pensylvanicum (L.) (Pennsylvania smartweed). In 2010, the plant communities
began to shift to a mixture of summer and winter annuals dominated by: Conyza Canadensis
(L.) cronq. (marestail) and Lactuca serriola (L.) (prickly lettuce). In 2011, the plant community
was dominated completely dominated by winter annuals and biennials: Carduus acanthoides
(L.) (plumeless thistle), prickly lettuce, and Cirsium vulgare (Savi.) Tenore (spear thistle). Carson
et al. (1988), also identified this successional plant community shift from summer annuals to
winter annuals and perennial by the third year of the treatment. Originally, the dominant
species were weeds well suited for the disturbed environments of production agricultural
systems. Over the study years, increasing competition for resources including light, water, and
nutrients resulted in a shift to a competition based dominant species community composition
(Lohbeck et al, 2014).

The KBS G9 - Old Field treatment did not start to transition into a winter annual and
perennial plant community as described by Carson et al. (1988) until 2012. Species composition
was unavailable for 2008. In 2009, 2010, and 2011, the plant community was dominated by
summer annual species: lambsquarters, Digitaria sanguinalis (L.) scop (large crabgrass),

barnyard grass, marestail, and Setaria viridis (L.) Beauv. (green foxtail). In 2012, the plant
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community was dominated by the summer annuals marestail and Setaria faberi Herrm.
(Japanese bristlegrass), and the winter annual prickly lettuce. It would be interesting see if the
2013 plant community at KBS was completely dominated by winter annuals and perennials or if
2013 was another transition year. The slower transition at KBS could have been due to the
marginally productive soils compared to the highly productive soils as ARL. Less productive soils
would likely have increased competition for resources within a plant community. With more
competition for limited resources, the initial plant species would dominate for a longer period
due to the fact that they were already established and reproducing and effectively smothering

out other emerging plant species (the winter annuals and perennials).

Land Use Changes

This experiment did not evaluate the potential land use changes for converting prime
agricultural land into land for biofuel feedstock production. However, it is worth noting that the
perennial cropping systems (G7, G9, G10) with the lowest GWP on a land area basis also
produced the least amount of energy per hectare. At ARL, it would take five-times the amount
of land under the unfertilized prairie grass mix cropping system to produce the same amount of
energy as the continuous corn cropping system per year. At KBS, that factor increases to seven-
times the amount of land under the unfertilized prairie grass mix cropping system to produce
the same amount of energy as the continuous corn cropping system per year.

As the world’s population grows, food production will also have to increase. Converting
hectares of prime farmland to biofuel feedstock production isn’t reasonable or sustainable for
human life. If bioenergy policy continues to push for annual biofuel production requirements,
alternative land must be considered. Currently, research is under way on the use of ‘marginal
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lands’ for biofuel feedstock production. Marginal land is land that is not fit for crop production
due any number of reasons including climate, soil type, water availability, soil fertility, and/or
government land management programs. Due to the marginality of this land, successfully
establishing perennial crops could be challenging and costly. In addition, fertilizer and soil
amendment requirements could be high in order to grow a harvestable quantity of biofuel
feedstock. And throughout all of this, economics would be a driving factor in whether or not

biofuel crops would be accepted by farmers.

Model Assumption Effects and Considerations

Due to many the assumptions made during this life cycle assessment study, a cautious
approach should be taken when interpreting the results. One of the biggest limitations of this
study that lead to numerous assumptions was the GaBi LCA software and Professional +
Extension 2012 database. GaBi 6.0 is a powerful LCA program. After several classes and
tutorials on the software, the practitioner of this study was still only able to perform basic to
intermediate level operations and analysis with the software. In addition, the amount of
agricultural inputs and processes included in the Professional + Extension 2012 database
included in the software was severely limited. Given the nature of the GLBRC Biofuels Cropping
Experiment, many of the cropping systems are novel (the perennial systems) and therefore lack
the substantial amounts of peer-reviewed literature that is required for inclusion in standard

databases.
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Miscanthus Rhizomes

There was not a process in the Professional + Extension 2012 database for Miscanthus
rhizomes. In fact, there were not any agricultural processes that even remotely resembled or
that could be used to represent a miscanthus rhizome. Due to the lack of adequate alternatives,
rhizomes as a material input for the miscanthus cropping system were not included in this
study. A relatively huge number of rhizomes were used in the field experiment (17,000+
rhizomes ha™), therefore it can be assumed that the inclusion of rhizomes would impact the
results of the miscanthus cropping system in this study. Because all of the other crop seed
processes in this study contributed negative values to global warming potential (decreased
GWHP), the inclusion of miscanthus rhizomes could potentially have the same effect on the
miscanthus cropping system GWP.

The current GWP values for this miscanthus cropping systems at ARL and KBS are 68.7
and -354 kg CO,-equiv ha™ yr! respectively. If these GWP values were adjusted based on the
seed input values for the other cropping systems in the experiment the following new values
could be considered for miscanthus:

At ARL, the seed input for the cropping systems accounted for about 1.36% of the total
cropping system GWP with the exception of the soybean system at 38.59%. Based on the other
cropping system seed input values, if miscanthus rhizomes reduced the currently modeled
system’s total GWP by 1.36% to 38.59%, the resulting GWP range would be 36.42 to 59.31 kg
CO,-equiv ha™ yr™.

At KBS, the seed input for the cropping systems accounted for about 1.65% of the total

cropping system GWP with the exception of the soybean system at 29.85%. Based on these
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seed input values, if miscanthus rhizomes reduced the currently modeled system’s total GWP

by 1.65 to 29.85%, the resulting GWP range would be -412.58 to 535.35 kg CO,-equiv ha* yr™.

Crop Residues as a Co-Product

GaBi 6.0 is a LCA program, not an agricultural systems modeling program. It is designed
to model static systems with consistent inputs and outputs. Agricultural systems are the
complete opposite of a static system. Agricultural systems are dynamic, always changing
depending on number of biotic and abiotic factors at any given time. The program’s inability to
account for soil dynamics, climate influences, and even field residues as co-products limited this

LCA study.

CONCLUSION

A life cycle assessment was performed on each cropping system in the GLBRC Biofuels
Cropping System Experiment to identify the global warming potential of one hectare of arable
land of each system. Corn cropping systems consistently had the highest GWP at both locations.
The unfertilized prairie grass system, G10, had the lowest GWP at both locations. The GWP of a
cropping system was heavily influenced by the nitrous oxide emissions for that system. A
statistical analysis revealed no significant differences between locations for each cropping
system (Student’s t-test) or between cropping systems at each location (ANOVA) likely due to
the large variations in annual nitrous oxide emissions. G6 - miscanthus, a perennial biomass
crop, showed the greatest potential in terms of low GWP and high estimated cellulosic ethanol

yield, and therefore the best net GWP from the large displacement of fossil fuels. Due to the
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exclusion of miscanthus rhizomes as a material input, this particular phase of the life cycle
assessment should be investigated in greater detail before a large number of resources are
contributed to the development of miscanthus as a biofuel feedstock based on the conclusions
of this study.

Limitations imposed by the LCA software and database lead to many model
assumptions in this study. These limitations and assumptions require a conservative
interpretation of study results.

Potential land use changes, not considered in this study, could have a major impact on
future bioenergy policy and biofuel requirements. Potential land use changes and the feasibility
of growing dedicated bioenergy crops on marginal lands should be a major area of focus for

future biofuel research.
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APPENDIX

Climatological Data

Annual Temperature and Precipitation
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Figure 36. Annual temperature and precipitation for Arlington Agricultural Research Station
(ARL) and Kellogg Biological Station (KBS). Annual and 30-year average weather data from
National Climatic Data Center (NCDC). 30-year average weather data is from the latest NCDC
Climate Normals report for 1981-2010.
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Growing Season Temperature and Precipitation

Kellogg Biological Station
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Figure 37. Yearly air temperature and precipitation data from the Hickory Corners weather
station recorded by Michigan State University Enviro-weather service. Kellogg Biological
Station is located in Hickory Corners, Michigan in close proximity to the weather station.
Weather data for 07/15/2009-08/31/2009 was obtained from the Kalamazoo weather station
due to no reported data from the Hickory Corners weather station during this timeframe.
Kalamazoo is located approximately 18 miles south-east of Hickory Corners.
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Figure 37 (cont’d)
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Arlington Agricultural Research Station
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Figure 38. Yearly air temperature and precipitation data from the Arlington University Farm
weather station recorded by the National Weather Service.

69



Figure 38 (cont’d)
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Variety and Species Composition

Perennial Crop Mixes

Table 5. Species planted in the perennial cropping systems. Species are the same at both study

locations. C4 and C; indicates the photosynthetic pathways of particular grass species.

System  System Name Group Species (/atin) Common Name / Variety
G5 Switchgrass Graminoids C,  Panicum virgatum switchgrass / Cave-in-rock
G6 Miscanthus Graminoids C,  Miscanthus x giganteus giant miscanthus
G7 Native Grass Mix  Graminoids C;  Elymus canadensis Canada wildrye
C,  Panicum virgatum switchgrass
Andropogon gerardii big bluestem
Schizachyrium scoparium little bluestem
Sorghastrum nutans Indiangrass
G10 Prairie Grass Mix  Graminoids C;  Koeleria cristata prairie Junegrass
Elymus canadensis Canada wildrye
C,  Panicum virgatum switchgrass
Andropogon gerardii big bluestem
Schizachyrium scoparium little bluestem
Sorghastrum nutans Indiangrass
Legumes Desmodium canadense showy ticktrefoil
Lespedeza capitata roundhead lespedeza
Baptisia leucantha white false indigo
Early forbs Rudbeckia hirta blackeyed Susan
Anemone canadensis Canadian anemone
Asclepias tuberose butterfly milkweed
Mid forbs Silphium perfoliatum cup plant
Monarda fistulosa wild bergamot
Ratibida pinnata pinnate prairie coneflower
Late forbs Solidago rigida rigid goldenrod

Solidago speciosa

showy goldenrod

Aster novae-angliae

New England aster
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Annual Crops

Kellogg Biological Station

Table 6. Annual crop variety by year at KBS.

System Year Variety Notes
Gl 2008  Dekalb DKC 52-59 Corn Hybrid
2009
2010
2011
2012
corn-rot 2008  Dekalb DKC 52-59 Corn Hybrid
2009
2010
2011
2012  Dekalb DKC 48-12 RIB Corn Hybrid
soybean-rot 2008  Pioneer 91M80 RR Soybeans
2009  Pioneer 92Y30 Soybeans
2010
2011
2012
canola-rot 2008  winter canola; Dekalb DKL 52-10 RR Spring Canola  no variety information for winter
canola; canola was replanted in
spring
2009  Dekalb DKL 52-10 RR Spring Canola
2010
2011  Dekalb Genuity RR Canola DKL 72-55
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Arlington Agricultural Research Station

Table 7. Annual crop variety by year at ARL.

System Year Variety Notes
Gl 2008  Dekalb 52-59 RR
2009  Pioneer 35F40 RR/LL/Bt
2010  Delkalb 52-59 RR/Bt
2011
2012 Pioneer 35F40
corn-rot 2008  Dekalb 52-59 RR
2009  Pioneer 35Y40 RR/LL/Bt
2010  Dekalb 52-59 RR/Bt
2011
2012  Great Lakes 4041G3VT3
soybean-rot 2008 Pioneer 92Y40 RR
2009 Dairyland 2200 RR
2010  Pioneer 92Y51
2011  Dairyland 2375/R2Y
2012 Dairyland 2011
canola-rot 2008  Dekalb 5210 RR spring canola
2009  InVigor 8440 LL
2010
2011
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Herbicide

Arlington Agricultural Research Station

Table 8. Herbicides used at ARL. Chemical and trade names are listed.

Chemical Name Trade Name(s) Crops

glyphosate Honcho Plus; Mirage Plus; Roundup

PowerMAX

corn; canola; switchgrass;
miscanthus; native grass mix;
prairie grass mix

s-metolachlor Dual Il Magnum; corn; soybean; miscanthus

2,4-D ester corn; soybean; canola;
switchgrass; miscanthus; native
grass mix

mesotrione Callisto corn

simazine Princep corn

tembotrione Laudis corn

sulfentrazone; cloransulam-methyl Authority First soybean

glufosinate soybean; canola
dicamba Clarity switchgrass
quinclorac switchgrass
pendimethalin Prowl miscanthus
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Kellogg Biological Station

Table 9. Herbicides used at KBS. Chemical and trade names are listed.

Chemical Name Trade Name(s) Crops

glyphosate Roundup OriginalMAX; Roundup corn; soybean; canola
PowerMAX;

s-metolachlor; atrazine; mesotrione Lexar corn

2,4-D ester corn; soybean

glufosinate Ignite corn

quinclorac Drive switchgrass; miscanthus

2,4-D amine switchgrass
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Cropping System Model Data

Kellogg Biological Station

Material Inputs

Table 10. Material inputs at KBS per reference flow of 1 ha year™.

System

Material Input Value (kg ha't) Source MNates
seed 20.05
[28-0-0) urea ammanium nitrate | 554.50
(10-34-0) ammonium BG.5
polyphosphate KBS field data
&1 [D-0-60) potash 13136
herbicide {total) 9.24 Herbicides: Lexar; Roundup
Sriginalviax: 2.4-0;
Roundup PowerMAK
diesal 3L.03 Stein, 2012
seed 20.30 Corn phase data from:
[28-0-0) urea ammanium nitrate | 544.67 G2-1008
[10-34-D) ammonium BE.&T KBS field data G2-2011
carn-rot polyphosphate G2-2012
[0-0-60) potash 14183 G3-2010
herbicide {total| n.72 G3-2012
diesel L1l Stein, 2012 G4-2009
seed Bl1.32 Soybean phase data
[D-0-80) potash 54.00 fram:
[11-52-0} monoammenium 15.20 KBS field data G2-2009
soybean-rot | phosphate G3-2008
herbicide [total) 3.53 G3-2011
diesal 3jL.11 Stein, 2012 G4-2010
G4-2012
seed 11.34 Canala phase data
(28-0-D) urea ammaonium nitrate | 140 from:
y [46-0-0) urea 356,50 KBS field data G2-2010
canola-rot
[0-0-60) potash 23.75 G3-2009
herbicide {total) 168 G4-7008
diesel 29.55 Stein, 2012 G4-2011
seed B.98
2 [28-0-0) urea ammaonium nitrate | 94.4 KBS field data
b herbicide {total) 0.56 Herbicides: 2,4-0; Drive
diesel 35.87 Stein, 2012
rhizomes . sep assumptions
[28-0-0) wrea ammaonium nitrate | 149.6 KBS field data
ab herbicide {total) .11 Herbicide: Drive
diesel 34.78 Stein, 2012
seied 1.79
G7 [28-0-0) urea ammaonium nitrate | 94.40 s el daty
diesel 35.79 Stein, 2012
[28-0-0) urea ammaonium nitrate | 118.8 KBS field data
&9 diesel 28.55 Stein, 2012
a1 seed 139 KBS field data
diesel 34.93 Stein, 2012
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Non-Material Inputs

Table 11. Non-material inputs at KBS per reference flow of 1 ha year™.

System MNan-Material input Number of trips across plat) Source Notes
Tractar 4.2
Sprayer 2
G1 lilin - KBS field data
Tillage 0.2
Combine 1
Fertilizer Applicator 1
Tractor 4
Sprayer 1.5
carn-rat P.Ianter : KBS field data
Tillage 0.17
Cambine 1
Fertilizer Applicator 1.17
Tractor 4.4
Sprayer 2.B
soybean-rot Planter 1.4 KBS field data
Tillage 0.2
Combine 1
Tractar 4
Sprayer 2.75
canola-rot Planter 1 KBS field data
Tillage 0.25
Combine 1
Tillage 0.8
Tractar 2
G5 i 22 KBS field data
Sprayer 1
fower 0.6
Chopper 0.6
Tillage 0.6
Tractor 2
Sprayer 0.8
GG Fertilizer Applicator 0.2 KBS field data
Chapper 1
Used te disk rhizomes
Cultivater 0.4 during pla i, nat
additional tillage
Tillage 0.6
Tractor 1.4
G7 ;furj::: ;2 KBS field data
Chopper 0.6
Planter 0.2
Tillage 0.2
Tractor 1
G3 Sprayer 0.5 KBS field data
Mower 0.6
Chopper 0.4
Tillage 0.4
Tractor 1
G10 hosrer e KBS field data
Chopper 0.6
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Material and Energetic Output

Table 12. KBS: Yield refers to grain yield at standard moisture content for corn, soybeans,

canola; dry biomass yield of perennial crops. Per reference flow 1 ha year™.

System Yield (Mg ha) Potential Energy (MJ ha’)  Source Notes

Gl 9.16 74780.67 KBS field data corn ethanol energy [1]
corn-rot 8.15 66530.07 corn ethanol energy [1]
soybean-rot 2.67 18500.86 soybean biodiesel energy [2]
canola-rot 1.18 18919.14 canola biodiesel energy [3]
G5 2.98 19056.40 equation [4]

G6 8.65 55199.40 equation [4]

G7 1.98 12667.46 equation [4]

G9 2.17 13876.94 equation [4]

G10 1.67 10682.08 equation [4]
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Soil Carbon Accumulation

Table 13. KBS: Carbon dioxide accumulation in the soil for each cropping system. Negative

values indicate a net mitigation. Source: Gelfand et al., 2014.

Cropping System gCO; myr kg COz ha? yr! K35 LTER Cropping Systern {and Assumptions)
G1 Continuous Carn .
System: Carn-soybean-wheat rotation
tarn-rat ; : : Ld i
soybean-rot a8 880 [Aasumt_d 2008 was anventluna ue to tillage
at experiment establishment. 2009-2012 was
canola-rot :
- no-till.]
rotational system
G5 Switchgrass -161 1610 System: Alfalfa
[Alfalfa was the anly perennial monoculture
GE Miscanthus system in LTER experiment; switchgrass and
miscanthus are perennial monoacultures)
G7 MNative Grass mix System: Early Successional Cemmunity
G3 Old Field -220 2200 [Recently converted cropland; low input
G10 Prairie Grass mix systems similar to this experiment)

Nitrous Oxide Emissions

Table 14. KBS: Nitrous oxide emissions from each cropping system. Source: 4.3, in press.

Cropping System kg N,O-N ha™ yr* kg N,O ha™ yr* Notes

G1 Continuous Corn 5.4849 8.6191 Measurements taken
from reps 1-4 only. No

corn-rot 3.9521 6.2104 measurements were

soybean-rot 0.9334 1.4668 taken from rep 5.
Years:

canola-rot 1.6856 2.6487 2008 - starting in June

. 2009

rotational system 2.3792 3.7388 2010 - data from only 3

G5 Switchgrass 1.5362 2.4140 reps for G7 and G10
2011

G6 Miscanthus 1.9284 3.0304 (2012 data unavailable)

G7 Native Grass mix 2.1031 3.3047

G9 Old Field 1.2748 2.0033

G10 Prairie Grass mix 0.8962 1.4082

79



Equipment

Table 15. Farm equipment used in field experiment.

Equipment

Year

soybean-rot | canola-rot

G5

Gb

Tractors

lohn Deere 7420

2008

2004

2010

2011

2012

|not planted)

John Deere 7330

2008

2009

2010

2011

2012

[not planted)

Tillage Implements

lohn Deera 726
15' 9” soil finisher

2008

2008

2010

2011

2012

[not planted)

John Deere 970
12" cultimulcher

2008

2005

2010

2011

2012

[net planted)

Caze |H 183 5-tine & row
cultivator

2008

2008

2010

2011

2012

[rot planted)

Planters

John Deere 1730
Maxemerge Plus Planter

2008

2005

2010

2011

2012

Iohn Deere 730
ne-tilk drll

2008

2009

2010

2011

2012

[not planted)
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Table 15 (cont’d)

2004

20049

lohn Deera 450 3010

cenventional 107 dril 7011

2012 [not planted)

Spraying and Fertilizer Equipmeant

2004

2005

Demco 3-paint meunted 3010

sprayer
Sl 2011

2012 [not planted)

2008

2009

8002 flat fan nozzle 2010

2011

012 [not planted)

2008

2004

Top Air Sprayer 2010

2011

2012 [not planted)

2008

2009
TurboTeelet 11003 flat

L - 2010
fan nozzle

2011

2012 [not planted)

2008

2005

Gandy Orbit-Alr 30°
boom

2010

2011

2012 |not planted)

2008

2004

sk row fartilize
zpplicater

2010

2011

2012 [not planted)

Harvest Equipment

2008

2004

Jzhn Deere 9410

2o
Combine

2011

2012 [not planted)

2008

2004

Swift 5' plot swather 2010

2011

2m2 [mot planted]

2008

2004

John Deera 115

ik 2010
15" flall mower

2011

2012 |met planted]

2008

lghn Deere 7350 2009

self-propelled forage 200

harvester 2011

2012 [mat planted)

2008

2005

h AT
lohn Deers 676 forage 3010

ol 2011

2012 [met planted)

2008

2005

dzhn Deere 3420 3010

12" haybing
il 2011

2012 [not planted)
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Arlington Agricultural Research Station

Material Inputs

Table 16. Material inputs at ARL per reference flow of 1 ha year.

Syateri Material lnput Value (kg ha 1 Saurce Noates

papds 23.76

{5-14-43] starver leftilicer - Broken aown 1o 100 by (45
], TEES kg [0-0-60)
3418 by |D-45-0]

146-0-0) ures 43.45

|Z28-0-0) ures ammanium 381 R&

nitrate

10-0-60) potash 18602

dolomitic lime (ED-B85] T18.85

a1 {0-46-0) triple supar 38.09 Wil Tield data

phasphale

118-46-0) dismmamium 265

phatphate

Armmanium sulphata 1.EE

pasticides [Lotal] 615 Har b ked: glehodite; §

f; 3,80 esbis
ddine

Tembotiors, RS0
Peitiches: Fargd 35 Frozap

Hieye| 28.78 Stein, 3012

Gl 2379

Erakies damin ta 133 b [4E
|5-14-43) starter fertslizer - 2 TER PRI ]
34,16 kg Ji-450)

146-0-0) uresa 7731
Z8-0-0) ure pb
| Jures ammaniom Ja5 47
nitrate
. . g yhase data h1
10-0-60) parash 19317 Wi Tield daes GEI-:I:II'I:II; e
Lara-ral 118-46-0) dEsmmanium -
: ; 2146 G2-2011
ghaspiate
0-26-0) trial G2-2012
-45-0] triple
' pEE 34.17 63-2010
superphosphate £3-2013
I -
dolomitiec lime (E0-B9] 599.04
|:-n||. jemneE | i} 42009
armmanivm sulphate 1.3E
herbickde (tatal) 726
dipisl 2813 Slein, 3012
i 122.20 L= 1 uIJ-!.":I-\...i ﬂ'.-].:
CduiEd an WlEed value
{0-0-60) potash 26.73 — Sovbean phase data
dalomitic lime [B0-B3) 718.85 Wi fleld cata from:
soybean-rpt | Ammonium sulphate .16 G2-2009
heebickde {rotal) 156 53-2008
G3-2011
dipde| 28.78 Stein, 3012 G4-2010
G4-2012
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Table 16 (cont’d)

canola-rol sepd B 46 W Tield dats Canala phase data
|34-0-0) ammonium nitrate 115.54 legm:
|46-0-0) ures 79.35 G2-2010
|0-0-60) potash 34 82 G3-2009
dalemitic lifme (B0-83) B9E.55 G4-2008
ammanivm sulphate 3.14 G4-2011
herbicsde {1otal) 5.73
dipgel 28 31 Stein, 2012
seeded in 2008, 2009,
seed 3. EE arid 2012
=% |Z24-0-0) ammanium mitrate 9. 74 W Tield data o
dodomitie lime (E0-89) 71885 A S
herbicide {tolal) 5 78 i T
dipiel 3252 Slein, IDL2
rhizomes - SEE i Umanicng
\3&-0-0) amymoanivm fitrate 165.79 3
G5 dolomitic lime [80-B3| 718.85 bbbtk b e i
hesbicide |Lotal) 7.4 et it i
diptal 29.749 Stein, 2012
seed 1.79 KES field dala R
msatng Tram flekd data
{34-0-0) ammanium nitrale 09.74
ar dolomitic lime [(BE0-B9| 718.85 Wi field data
hesbicide {total) 2,738 PATMCH PO LA
o eiLlef
dipsel 32.29 Stein, 2DL2
|34-0-0) ammoniurm mitratle 39,74
- 146-0-0) urea 24 484 Wi Tield data
dodomitic lime [(E0-B%] 718385
dipgel 28 .39 SLein, 3D12
G1d ieed 1.75 KBS Tield data sed i AL W
madlng from Neld data
dedomitic limeitone T18.85 W Tield data
herbickde |tetal) 0.ES56 rerbickie ghesoute
digsel 3221 Stein, 2012
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Non-Material Inputs

Table 17. Non-material inputs at ARL per reference flow of 1 ha year™.

System Non-Material Input | Number of trips across plot) | Source Notes
tractor 6.2
sprayer 4.4
G1 planter 1 W1 field data
tillage 0.8
combine 1
tractor 5.5
sprayer 4.5
corn-rot planter 1 W1 field data
tillage 0.67
combine 1
tractor 52
sprayer 34
soybean-rot planter 1.2 WI field data
tillage 0.8
combine 1
tractar 4
sprayer 2.5
canola-rot planter 0.75 W] field data
tillage 1.5
combine 2.5
tractar 3.8
sprayer 2.2
Gs E';E: e g:g W! field data
chopper 0.8
planter 0.6
tractor 3.4
sprayer 2.6
Ga haybine 0.6 W1 field data
tillage 0.8
chopper 0.6
G7 tractar 2.8 W] field data
tillage 0.8
sprayer 1.6
Maower 0.2
planter e
chopper 1
59 tractor 1 Wi field data
sprayer 1
chopper 1
haybine 1
G10 tractor 2.2 W field data
tillage 1
sprayer 1
mower 0.2
planter 0.2
chopper 0.8
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Material and Energetic Output

Table 18. ARL: Yield refers to grain yield at standard moisture content for corn, soybeans,

canola; dry biomass yield of perennial crops. Per reference flow 1 ha year™.

System Yield (Mg ha) Potential Energy (MJ ha’)  Source Notes

Gl 12.19 99522.12 WI field data  corn ethanol energy [1]
corn-rot 11.82 96500.60 corn ethanol energy [1]
soybean-rot 3.92 27207.50 soybean biodiesel energy [2]
canola-rot 1.82 29343.53 canola biodiesel energy [3]
G5 4.62 29473.32 equation [4]

G6 4.35 27765.88 equation [4]

G7 3.82 24362.47 equation [4]

G9 2.79 17807.75 equation [4]

G10 3.37 21526.30 equation [4]
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Nitrous Oxide Emissions

Table 19. ARL: Nitrous oxide emissions from each cropping system. Source: 4.3, in press.

Cropping System kg N,O-N ha™ yr* kg N,O ha™ yr* Data Years
G1 Continuous Corn 4.8270 7.5853 Years:

2008 - 2 time points only
corn-rot 5.3187 8.3580 2009 - miscanthus didn’t
soybean-rot 2.6463 4.1585 overwinter; may have

cause inaccuracies in G6
canola-rot 2.6782 4.2086 data

. 2010
rotational system 3.7238 5.8517 2011
G5 Switchgrass 4.0282 6.3300 2012
G6 Miscanthus 2.1941 3.4479
G7 Native Grass mix 2.5905 4.0708
G9 Old Field 1.8647 2.9302
G10 Prairie Grass mix 2.6182 4.1144

General Assumptions and GaBi 6.0 Model Assumptions

General Assumptions

Models relied on the intrinsic values included in the Professional + Extension 2002
database within GaBi 6.0 for all other input and output values associated with material and
non-material inputs and outputs that are not listed in above tables .

The switchgrass biomass conversion equation [4] was used for the biomass to energy

conversions for G7 Native Grass Mix, G9 Old Field, and G10 Prairie Grass Mix.

Every material and/or non-material input was applied equally across entire plot area in

time.
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Every material and/or non-material output was harvested or released equally across
entire plot area in time.

Gases, sequestered and/or emitted, were sequestered or emitted equally across entire
plot area in time.

Unit processes and aggregated processes (LCI results) from the United States were used
whenever available in the Professional + Extension 2002 database within GaBi 6.0. When United
States derived processes were unavailable, models were built with processes derived from
Canada due to the close geographical proximity and relatively similar infrastructure between
countries. When United States and Canada derived processes were unavailable in the
Professional + Extension 2002 database within GaBi 6.0, European, particularly German, derived
processes were used in the cropping system models.

Equipment was not documented for Arlington Agriculture Research Station location.
Equipment was assumed to be the same at both locations, therefore Kellogg Biological Station

equipment was used for this missing information.

GaBi Model Unit Process Assumptions

Miscanthus

No appropriate model was present in the Professional + Extension 2002 GaBi 6.0
database or could be created to approximate miscanthus rhizomes. Rhizomes were not
included within the model due to these limitations.

No planting information was included for miscanthus planting at either location.

Miscanthus was hand planted. Hand planting was not replicable in the GaBi model.
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Corn and Corn in Rotation (corn-rot)

Biomass remaining in field after grain harvest (stover) was not modeled due to the
limitations imposed by the software.
Nitrous Oxide Flux Data

There was incomplete nitrous oxide gas flux data for 2008 at both sites:

In 2008, the AARS fluxes are calculated from 2 (rather than the now-standard 4) time
points. The available data was used in the models with no modifications.

In 2008, KBS did not start monitoring until June instead of at the beginning of the
growing season. The available data was used in the models with no modifications.

In 2009, the majority of the miscanthus at Arlington Agricultural Research Station didn’t
overwinter so flux data may not be reliable for that location year. The available data was used
in the models with no modifications.

In 2012, no data was available for KBS. The four-year average (2008, 2009, 2010, 2011)

was used in place of a five-year average value in the models with no modifications.

Energy Conversions

Corn Grain Ethanol

corn grain yield in Mg per hectare x covert to kg x litres per kg of corn grain* x density of ethanol

x energy per liter of ethanol x convert to MJ = energy per hectare

i vield MgX1000 kg>< 1 litre ><0.789 kgx26,900 k]>< 1M]  MJ
comn gramn el 5 1 Mg 2.6 kg grain 1 litre 1kg 1000 k]  ha

[1]

*conversion factor: Pimental, 2001.
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Soybean Biodiesel

soybean yield in Mg per hectare x convert to kg x convert to pounds x pounds per bushel of soybeans

x gallons of biodiesel per bushel* x energy per gallon of biodiesel x convert to MJ = energy per hectare

b iold Mg 9 1000 kg o 2.2 lbs 9 1 bu o 1.5 gallons o 119500 btu
Soybean VIeld G 1 Mg 1kg 60lbs 1 bu 1 gallon

1MJ] MJ
X =—
947.817120313 btu _ ha

[2]
*conversion factor: Pradhan et al. 2009.
Canola Biodiesel
canola yield in Mg per hectare X convert to kg X conver to pounds
X pounds per bushel of canola X gallons of biodiesel per bushel*
X energy per gallon of biodiesel X convert to M] = energy per hectare
canola yield @ o 1000 kg y 2.2 lbs o 1 bu y 2.9 gallons y 119500 btu
ha 1 Mg 1kg 50lIbs 1 bu 1 gallon
o 1M] _ ﬂ
947.817120313 btu  ha
3]

*conversion factor: Mclntosh et al. 1983.
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Switchgrass Cellulosic Ethanol

biomass yield in Mg per hectare x convert to tons x gallons per ton of switchgrass*
x convert to litres x convert to kg

x energy per litre of ethanol x convert to MJ = energy per hectare

bi old 1ton 72 gallons 3.78541 litres 0.789 kg 26900 kJ
— X X X X X
lomass yie ha 090718 Mg 1ton 1 gallon 1 litre 1kg

o 1M]j _ ﬂ
1000 k] ha
[4]
*conversion factor: from Morrow et al. 2006.
Corn Stover Cellulosic Ethanol
biomass yield in Mg per hectare x convert to tons x gallons per ton of stover*
x convert to litres x convert to kg
x energy per litre of ethanol x convert to MJ = energy per hectare
biomass yield @ y 1ton y 80 gallons y 3.78541 litres o 0.78.9 kg o 26900 kJ
ha 090718 Mg 1ton 1 gallon 1 litre 1kg
o 1M] ﬂ
1000 k]  ha
[5]

*conversion factor from: Sheaffer et al. 2010.
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CHAPTER 2

MAXIMIZING LAND USE DURING SWITCHGRASS ESTABLISHMENT
IN THE NORTH CENTRAL UNITED STATES

Reprinted by Permission, ASA, CSSA, SSSA. A reformatted version of this chapter was
published in the Agronomy Journal as: Hedtcke, J.L., G.R. Sanford, K.E. Hadley, and K.D. Thelen.
2014. Maximizing land use during switchgrass establishment in the North Central United States.
Agron J. 106:596-604.

Abstract: Switchgrass (Panicum virgatum L.) grown under three differing establishment
methods was evaluated for vyield, quality, and potential ethanol production across seven
environments in Wisconsin and Michigan. The three establishment methods included: (i) June
seeding into fallow ground; (ii) June seeding following winter rye (Secale cereale L.) forage; and
(iii) August seeding following winter wheat (Triticum aestivum L.). Planting switchgrass in June
was successful following the rye forage crop, but planting in August after wheat resulted in
complete stand loss. While harvested biomass in a two-cut system was equal to or greater than
that realized in a one-cut system (6.9 vs. 6.8 Mg ha™), biomass quality for ethanol production
was highest following a killing frost (226 vs. 224 g ethanol kg™* biomass). The higher overall
biomass production in the two-cut system generally compensated for this difference however,
with ethanol yields similar between the two systems (1950 vs. 1970 L ethanol ha™" for the two-
and one-cut system, respectively). In addition to ethanol production, we found that forage
nutritive value in the first cut of the two-cut system was of sufficient quality to satisfy the
dietary needs of several classes of livestock. Harvesting established switchgrass for hay with an

early season cutting in a two-cut system provides producers with an alternative forage source
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while not affecting total seasonal biomass yield if harvested at the appropriate growth stage

and cutting height to leave sufficient photosynthetic material for regrowth.

INTRODUCTION

Ethanol and other biofuels have the potential to replace 30% or more of the gasoline
demand in the United States by 2030 (U.S. Department of Energy, 2011). Presently, the
majority of domestic ethanol comes from corn (Zea mays L.) grain, but the long-term
sustainability of grain ethanol is questionable as it may increase competition between food,
feed, and fuel interests (USDA-ERS, 2013). Switchgrass has been identified as a candidate
bioenergy crop in recent decades by the U.S. Department of Energy, particularly as a second-
generation feedstock for conversion to liquid fuels (Monti, 2012). Recent advances in cellulosic
conversion technology and the development of large-scale cellulosic ethanol production
facilities have made switchgrass a viable alternative to corn grain ethanol (MclLaughlin et al.,
2002). Switchgrass is attractive as a biofuel crop because of its adaptability from Canada to
Texas, its ability to grow on marginal, highly erodible, and drought-prone soils, and its
environmental benefits which include C sequestration and wildlife habitat (McLaughlin and
Walsh, 1998). It can also be grown and harvested using existing forage production equipment,
reducing potential barriers to farmer adoption.

A significant number of producers surveyed in Tennessee and lllinois indicated that as
production technology and technical assistance become increasingly available, and as demand
creates a viable market for biomass, they would be interested in growing switchgrass on their

farms (Sanderson et al., 2012). They may, however, be hesitant to do so if income losses cannot
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be offset during the slow establishment period of switchgrass. Although switchgrass can be
harvested in as little as 2 years from establishment (Vogel et al., 2002), it may not reach its full
yield potential until the third growing season in the colder climates of the north central United
States. Economically feasible systems must therefore be designed which can carry a producer
through the critical establishment period. The purpose of this study was threefold and sought
to: (i) evaluate two cropping options with small grains (winter rye and winter wheat) from
which farmers could realize economic gains during the establishment phase of switchgrass
while not reducing subsequent switchgrass productivity; (ii) to evaluate the potential tradeoffs
of switchgrass managed as a dedicated bioenergy crop (October harvest) vs. a dual-use feed
and biomass crop (two cuts; June and October); and (iii) to determine the quality of biomass
and theoretical ethanol yield produced under the one-cut and two-cut harvest management
strategies. Our initial three hypotheses were that: (H;) A rye forage crop preceding switchgrass
establishment would depress switchgrass yields compared to that following a fallow phase; (H>)
Planting switchgrass in early June (following fallow or rye) would provide a better stand than
planting in August (following winter wheat); and (Hs) Late-season biomass from the two-harvest
management system would be of equal or higher quality than the late-season biomass from the
one-harvest management system in terms of cattle (Bos taurus) feed and theoretical ethanol

yield.
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MATERIALS AND METHODS

Treatments, Experimental Design, and Site Description

Switchgrass yields were evaluated in both the seeding year and first production year
under three treatments. The three treatments consisted of different crop establishment
methods and included switchgrass planting: (i) in June, fallow since previous fall (control
treatment); (ii) in June, following a winter rye forage crop; and (iii) in August, following wheat
harvested for grain and straw. The experimental design was a randomized complete block, with
four replicates. To experience a wider range of seasonal rainfall and temperature patterns, as
well as different soil types and field management, the trial was initiated seven times at various
locations. All sites had been in field crop rotations for several years before the study (Table 1).
For most sites, the April to August rainfall was above average in 2010 and below average in
2011. In the fall of 2009, three sites in southern Wisconsin (Arlington [ARL], Rio [RIO], and Sugar
Creek [SC]) were established. In the fall of 2010, three more sites nearby or adjacent to the
2009 fields plus an additional site in southwest Michigan (Kellogg Biological Station, KBS) were
added. The combination of site and year were merged into one variable referred to as
“environment”. Soils were assessed for fertility before the start of the trial at each environment
and were all in an “optimum” range for switchgrass production based on University of
Wisconsin-Extension recommendations (Laboski and Peters, 2012). Soil test phosphorus (STP),
soil test potassium (STK), organic matter (OM), and pH status along with other basic site
characteristics are shown in Table 1. All environments were managed with no-till practices

except SC-l and SC-II.
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Table 20. Site characteristics from seven environments in southern Wisconsin and lower

Michigan.
Location
Hickory
Site characteristics Arlington, Wit Rio,WIE Sugar Creek,WI} Corners, MIt
Environment ARL-| ARL-Il RIO-I RIO-II SC-I Nedll KBS-I
Longitude 89°22'54"W  89°22'25" W 89°11'47"W  89°1'55" W 89°38'48"W  89°38'48" W 85°22'35" W
Latitude 43°17'50" N 43°17'27" N 43°28'49" N 43°28'49" N 42°42'50" N 42°41'40" N 42°23'44" N
Seeding year 2010 2011 2010 2011 2010 2011 2011
Previous crop§ alfalfa/grass soybean soybean soybean ryegrass ryegrass grass
Plot size 6 by 27 m 9by30m 9by30m 9by30m 12by I5m 12 by I5m 45by I5m
Texture Silt loam Silt loam Sandy loam Sandy loam Silt loam Silt loam Loam
USDA soil series Plano Huntsville V;Zi?]cf‘:;z/ VPXZI(:;‘ZTZ/ Miami Miami Kalamazoo
-§ Slope 0-2% 0-2% 2-6% 2-6% 2-6% 2-6% 2-6%
g pH 6.9 6.9 6.6 6.6 73 7.1 6.3
_’5- g kg‘I
2 oM 40.0 39.0 15.0 15.0 24.0 25.0 19.0
mg kg™
STP# 98 80 37 34 59 75 41
STK# 179 212 127 99 132 125 127

1 Research plots located on University Research Station.

} Research plots located on private farms and co-managed with farmer-cooperator.

§ Soybean [Glycine max (L.) Merr.], rygrass (Lolium spp.).

91 OM = soil organic matter determined by weight loss on ignition (http://uwlab.soils.wisc.edu/files/procedures/organic_matter.pdf).

# STP and STK = soil test phosphorus, and soil test potassium, respectively, obtained using the Bray Pl extract (http://uwlab.soils.wisc.edu/files/procedures/available_P.
pdf, http://uwlab.soils.wisc.edu/files/procedures/available_K.pdf).

In addition to having a recent cropping history with good fertility (see Table 1), no major
perennial weed issues existed which created ideal conditions for switchgrass establishment. In
the established year of switchgrass (Year 2), a split plot was imposed over the three previous
crop treatments (fallow, rye, wheat). Subplots consisted of two harvest managements: (i) a
two-cut management system harvested once in June, targeted at early boot stage (RO stage per
Moore et al., 1991) and once again after the killing frost (S5 growth stage per Moore et al.,

1991) and (ii) a one-cut management system, harvested after the killing frost (S5).

Small Grains Management

Winter rye and winter wheat were planted on the same day at each given environment

according to UW-Madison extension best management practices using a conventional or no-till
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grain drill. While the winter wheat variety was the same at all environments (Pioneer 25R47),
the rye varieties were chosen based on regional adaptation and differed by state (WI: cultivar
Spooner, MI: cultivar Wheeler). Plot size averaged 9 by 30 m, large enough to accommodate
field-scale planting and harvest equipment. Glyphosate (N-[phosphonomethyl] glycine) was
applied at a rate of 0.95 kg a.e. ha™* as a burndown treatment before seeding wheat and rye.
Across the environments, a subsequent post emergence application of a broadleaf herbicide
such as Harmony Extra XP (thifensulfuron-methyl [93 g a.i. ha™'] + tribenuron-methyl [47 g a.i.
ha™]) or 2,4-D (2,4-Dichlorophenoxyacetic acid [1.07 kg a.e. ha™']) was applied at the jointing
leaf stage of wheat. Herbicide was not necessary in the winter rye treatment. The exception to
herbicide use was the SC environments where no herbicide was used throughout the trial. The
fallow treatment was not sprayed or tilled during the small grain phase. At most environments,
N was applied to the wheat and rye treatments in early spring at 67 kg N ha™* as urea. Being
part of SC farm’s overall management practices, manure was applied evenly across the field
before planting the small grains at SC at an equivalent available N rate to the fertilizer used at
other sites. Minimal effect of the residual manure nutrients was expected nor observed.

Winter rye forage was harvested at boot stage in mid-to-late May across environments
to provide maximum total digestible nutrients (i.e., best combination of yield and nutrition) for
livestock feed (McCormick et al., 2006). A center strip from each of the rye plots was cut with a
self-propelled sickle bar mower set at a cutting height of 7.5 cm. After weighing the entire fresh
sample on a pad scale, a grab sample of the forage was collected, weighed fresh, and dried at
60°C until it reached a constant weight to determine moisture content. Biomass is reported on

a dry matter (DM) basis. Winter wheat was harvested for grain using field-scale combines in
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late July or early August. Wheat straw was removed from the field within 3 days of grain
harvest at most environments other than at RIO where straw yields were minimal and

therefore chopped and evenly redistributed back onto the field to maintain OM and STK.

Switchgrass Management

After the cereal crops were harvested, a burndown herbicide treatment of glyphosate
(0.95 kg a.e. ha™) was applied to control weeds in all treatments at all environments except SC
where tillage was used for weed control. A second burndown application was occasionally
necessary just before switchgrass seedlings had emerged in the rye or fallow plots. An upland
variety of switchgrass, cultivar Cave-in-Rock was seeded at a depth of 1.3 cm in 19-cm rows in
mid-to-late June with a no-till drill at all sites with the exception of SC where a conventional
grain drill was used. At all of the Wisconsin environments, the rate on the drill was set at 22 kg
ha™. This rate was set approximately twice as high as the recommended rate to compensate for
poor germination (12%) and a high percentage of hard seed (78%) in the seed lot purchased. A
different seed lot, with higher germination (~80%), was planted at KBS and the grain drill was
therefore set at 9 kg seed ha™.

Though the soil was not tested for residual nitrate N, it was decided not to apply any N
during the switchgrass seeding year to discourage weeds and to limit unnecessary economic
inputs (Mitchell et al.,, 2008; Renz et al.,, 2009; Sanderson and Reed, 2000). When the
switchgrass reached the three to four leaf stage, that is, V3 to V4 per Moore et al. (1991) (late
July/early August), 2,4-D (0.53 kg a.e. ha™!) or a combination of Quinclorac (3,7-dichloro-8-

quinolinacarboxylic acid [0.42 kg a.i ha']) and atrazine (2-chloro-4-[ethylamino]-6-
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[isopropylamino]-s-triazene [0.12 kg a.i. ha™]) was used on the rye and fallow plots to control
broadleaf weeds. The exception was at the SC environment where weeds were managed by
clipping with a rotary mower. In the first production year of switchgrass, before emergence, a
spring burndown treatment of glyphosate was applied across environments (except SC and
KBS) to reduce weed pressure from winter annuals and cool-season grasses. A follow-up
broadleaf herbicide application of 2,4-D at a rate of 0.53 to 1.07 kg a.e. ha™* was made in late
May or early across environments (except SC and KBS). No N was applied to the switchgrass in

the production year other than at KBS where 79 kg N ha™" was applied in June.

Forage Sampling

In the seeding year, three subsamples of switchgrass were collected from each
experimental unit (i.e., plot) during peak biomass (late September) with hand shears and 0.5-m?
guadrat. Weeds were sorted and separated from switchgrass and the biomass of each was
recorded (no weed data from ARL-Il and RIO-II). During the established phase (second year),
three subsamples of switchgrass were collected from each of the 16 plots (four replicates x two
previous crops x two harvest managements) with a 0.25-m? quadrat and hand shears at a 15-
cm stubble height. The first cutting of the two-cut harvest treatment was sampled in June when
the switchgrass reached boot stage (about 45—-60 cm in height). This harvest strategy was based
on the work of Vogel (2004) that demonstrated maximized seasonal switchgrass production
and persistence under such management in Nebraska. As soon as possible after sampling in

June, field-scale haying equipment removed the biomass from the “two-cut” system plots at a

target cutting height of 15 cm. The second cutting in the two-cut system plots and the one-cut
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system plots were sampled after the killing frost (—3°C) in October. Samples were collected
from the center of the plots to eliminate shading and border effects. Samples were then dried
at 60°C, in a forced-air oven until constant mass was achieved. Results are reported on DM
basis. Dry samples were ground through a 1-mm screen in a Thomas Wiley hammer mill (Arthur
H. Thomas, Philadelphia, PA) and retained for subsequent polysaccharide analysis. The nutritive
value and mineral composition of whole-plant switchgrass forage was analyzed on all samples
at the University of Wisconsin Soil and Forage Analysis Laboratory (Marshfield, WI) using near
infrared reflectance spectrophotometer (NIRSystem, Inc., Silver Spring, MD, model 6500) to
predict the following quality parameters: crude protein (CP), neutral detergent fiber (NDF), and
neutral detergent fiber digestibility (NDF-D). Whole-plant K was measured by atomic absorption

spectroscopy (AOAC, 2008; Schulte et al., 1987).

Soil Moisture

Volumetric moisture content (VMC, g kg™*) status of the soil was collected at a subset of
environments (n = 4) that ranged most widely in soil type and seasonal moisture. Soil moisture
was measured with a SpectrumTechnologies, Inc. (Aurora, IL) Field Scout 300 time domain
reflectometer (TDR) probe on all treatments at two depths (12 and 20 cm) within 1 week after
seeding (i.e., June and August) in four subsamples per plot. Data from ARL and RIO were used

to compare soil type and effect of treatments on VMC in the two seasons.

Switchgrass Stand Frequency
Switchgrass establishment success was evaluated using the grid method (a grid of 25

cells of 0.15 cm? each) developed by Vogel and Masters (2001). Frequency counts were taken in
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the year after seeding to determine if seedlings overwintered and frequencies were above the
40% threshold level, which qualifies as a successful establishment, as determined by others
(Hyder et al.,, 1971; Schmer et al., 2006). Two measurements were taken from each
experimental unit in mid-July or early August when switchgrass was actively growing, but

before it got too tall to effectively use the grid method.

Theoretical Ethanol Yield

The dried and ground switchgrass samples were sent to the Cell Wall Facility at
Michigan State University for analysis. Acid hydrolysis with a weak acid was used to facilitate
the separation of lignin, hemicellulose, and crystalline cellulose (Foster et al.,, 2010). The
composition of hemicellulose was determined by an alditol acetate derivation of the soluble
monosaccharides and quantified by gas chromatography-mass spectrometry (GC/MS)
(Albersheim et al., 1967). Residue from the initial acid hydrolysis was washed with an Updegraff
reagent and hydrolyzed with sulfuric acid; a colorimetric assay was used to determine the
crystalline cellulose content of the residue (Updegraff 1969; Selvendran and O’Neill, 1987). The
resulting glucose, xylose, and crystalline cellulose concentrations were used to calculate the
predicted ethanol yield for each sample.

Theoretical ethanol yield was calculated based on the empirically derived hydrolyzable
glucose and xylose levels using Eq. [6] below:

{([Glc] + [Cry Cellu] x Glc conv) + ([Xyl] x Xyl conv)} X 51.1%

X metabolic yield = (ethanol mg kg1) [6]
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where [Glc] is the glucose concentration of the biomass following pretreatment and acid
hydrolysis (mg kg™), [Xyl] is the xylose concentration of the biomass following pretreatment
and acid hydrolysis (mg kg™), and [Cry] is the crystalline cellulose concentration of the biomass
following pretreatment and acid hydrolysis (mg kg™). Glc conv is the glucan conversion (%)
following enzymatic hydrolysis of feedstock material and Xyl conv is the xylan conversion (%)
following a separate enzymatic hydrolysis and fermentation (SHF) of feedstock material. Glc
and Xyl conversion values were determined from Jin et al. (2010), for switchgrass (66.5 and
74.7% for Glc and Xyl, respectively). The mass conversion of fermentable sugars to ethanol is
51.1%, and metabolic yield equals the ratio of ethanol to sugars consumed in the fermentation
process divided by 51.1% (Lau and Dale, 2009). The metabolic yield value for switchgrass
(89.7%) was determined using a SHF process and was derived from Jin et al. (2010). The
theoretical ethanol yield was determined by multiplying the result from Eqg. [5] with its

corresponding dry matter yield.

Statistical Analysis

Analysis of switchgrass production, VMC, stand frequency, biomass quality, and
theoretical ethanol yield were all conducted using PROC MIXED of SAS 9.1.3. The UNIVARIATE
procedure (SAS 9.1.3) was used to confirm model assumption of normality and variance
equality (SAS Institute, 2006; Littell et al., 2006). Kenward—Roger type degrees of freedom
estimates were used per Gbur et al. (2012). In the mixed model for yield, stand frequency,
biomass quality, and theoretical ethanol yield, both previous crop and harvest management

were considered fixed effects, while environment (site-start combination), block, and their
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interaction terms were treated as random effects. Treating environment as a random effect
increased the zone of inference for this study to include much of the North Central United
States. Best linear unbiased predictors (BLUP’s) were used to evaluate the random effect of
previous crop and harvest management treatments in individual environments (Littell et al.,
2006). In the case of VMC, due to data from only two locations and 2 years, all terms in the
model, with the exception of block, were treated as fixed. Statistical significance was based on

an o level of 0.05 unless otherwise noted.

RESULTS AND DISCUSSION

Seeding Year Switchgrass

The August seeding of switchgrass failed as a result of winter kill at all seven
environments despite successful germination and late season biomass establishment (~10 cm
of growth). Stand frequency 1 year after seeding averaged just 5.6% for this treatment.
Competition from volunteer winter wheat, and the lack of time between planting and killing
frost for root establishment likely contributed to the failed seeding. Furthermore, the
morphological development of warm-season grasses in which the coleoptilar node is relatively
short makes them relatively sensitive to the dry soil conditions commonly encountered during
the late summer in the North Central United States (Hoshikawa 1969).

There was no effect of previous crop (fallow vs. rye) on seeding year switchgrass yields
(P =0.3602). In the successful treatments, switchgrass seeding-year yields ranged dramatically
across environments from <0.11 Mg ha™' to more than 3.37 Mg ha™". Poor weed control at SC

combined with a dry summer in 2011 hindered switchgrass growth at that environment;

106



conversely, the consistent rainfall throughout 2010 and the warm sandy soils at RIO combined

to provide ideal growing conditions for the switchgrass planting (Figure 39).
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Figure 39. Seeding year switchgrass yields at each of the seven environments. Values
represent the mean of four replicates, and error bars represent 1 standard error of the mean.
Weed control is especially important in a slow-establishing perennial such as
switchgrass. There was no effect of previous crop on weed biomass within the switchgrass plots
(P <0.1318). Overall, weeds comprised about 30% the total seeding year biomass. As shown in
Figure 39, at the SC-Il environment where weeds were managed without herbicides in a very
dry season, second year switchgrass production was depressed compared to the other

environments that used herbicides in the seeding year.
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Surface Soil Moisture

In 2010, a season with ample rainfall and an above average snowfall during the
2009/2010 winter, VMC at 12-cm depth was adequate (above permanent wilting point) and
similar across all treatments and sampling times for each soil type (Figure 40). Striking
differences were evident between years at RIO when June 2011 had much lower surface soil
moisture than June 2010. The actively growing wheat treatment in the relatively dry spring of
2011 had lower VMC than the other treatments across soil types which may have been an
additional factor in the failed switchgrass establishment. The rye treatment was above the
permanent wilting point of 100 g kg™* (Figure 40). Cover crops, especially cereal crops, are well
documented for their ability to conserve soil moisture through reduced surface evaporation
(Haramoto and Brainard, 2012; Krueger et al., 2011; Unger and Vigil, 1998). Decomposition of
the rye roots may have also improved infiltration and water holding capacity of the soil,
positively affecting early summer VMC readings as shown by other research (Gregory et al.,
2005; Joyce et al., 2002; Lal et al., 1979; Troeh et al., 2004; Unger and Vigil, 1998). A recent
survey of more than 700 growers in the central United States showed that cover crops were
credited with a 10 to 14% improvement in water conservation and soil conditions compared to
field without cover crops (USDA-SARE, 2013). In this same survey, winter cereal grains were the
most common cover crop cited with more than 70% of respondents having reported using

them.

108



500 - A) 500 - B)

400 - HRye
B Wheat
O Fallow

June
g

2011
ARL RIO ARL
silt loam sandy loam sift loam

2010 2010 | 2011

RIO
sandy loam

500 - C)

2010 | 2011 | 2010 I 2011 2010 | 2011 | 2010 | 2011

ARL RIO ARL RIO
silt loam sandy loam silt loam sandy loam

D)

August
(8
g

12 cm 20cm

Figure 40. Volumetric water content O during the 2010 and 2011 growing seasons at: A 12 cm
in June, B 20 cm in June, C 12 cm in August, and D 20 cm in August. Error bars represent the
95% confidence limit for comparison of ® within a season and soil depth (e.g., A, B, C, D. Solid
line represents field capacity; dotted line represents permanent wilting point for these soils.
Subsurface Soil Moisture

At the 20-cm depth, VMC had a similar pattern as it did at the 12-cm depth, with the

exception that the rye treatment at RIO was lower than the other treatments in the August
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sampling period (Figure 40). It is possible that the rapidly growing rye was able to pull moisture
from deeper in the profile in the early spring and make it available at shallower depths
following herbicide termination of the rye in mid-May.

Fouli et al. (2012) studying components of soil water balance found deep rooted crops
such as alfalfa (Medicago sativa L.) to have the lowest subsoil VMC compared to more shallow-

based crops such as winter rye and corn in dry summers (i.e., half the normal precipitation).

Established Switchgrass: Frequency

Excluding the failed August seeding from the analysis, switchgrass frequency was not
different between the rye and fallow treatments (73 and 70%, respectively; P < 0.1801).
Frequency was lower at SC-I than at other sites but well above the 40% level. However, due to
tremendous seeding year weed pressure and drought the following year, switchgrass frequency

was only 20% at SC-Il in 2011.

Established Switchgrass: Production

Second year yields were lower than those reported in the central and southern United
States (Vogel et al., 2002, Fike et al., 2006) and quite variable, averaging 6.8 Mg ha™* + 4.2 (SD)
across environments. Similar results were reported by Madakadze et al. (1999), and
Waullschleger et al. (2010), with mean switchgrass yields of 8.7 + 4.2 Mg ha™ for “upland type”
cultivars across the United States and eastern Canada. Of the cultivars evaluated, cultivar Cave-
in-Rock exhibited exceptional high yield variability. We found no lingering effect of the previous
crop history on second year production overall (P < 0.3836) but analysis of BLUPs did show that
yields were equal or higher in the two-cut system in five of the seven environments (Figure 41).
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The two environments where the one-cut harvest management resulted in significantly higher
yields was due to the June harvest being accomplished later than targeted. Switchgrass
sensitivity to frequent or intensive defoliation has been reported, but researchers in lowa and
Missouri found that harvesting it in mid-June during stem elongation was not detrimental to
productivity (George and Oberman 1989; Anderson and Matches, 1983). Furthermore,
management practices should be performed so that harvest is not delayed beyond boot stage
as switchgrass advances quickly from “boot” to more sensitive reproductive growth stages.

Regrowth can also be delayed when harvested past boot stage as photosynthetic material is

removed.
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Figure 41. Second year switchgrass yields at each of the seven environments. Values represent
the mean of four replicates, and error bars represent 1 standard error of the mean.
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Double-Cropping and Dual-Use Cropping Systems

A positive yield response to multiple cut management systems have been reported by
others for upland switchgrass varieties, including trials in lowa, Nebraska, and throughout the
southern United States (Vogel et al., 2002; Fike et al., 2006). Fike et al. (2005) report a 38%
increase in yield, as well as, higher tiller density for Cave-in-Rock switchgrass under a two-cut
vs. a one-cut system. In the current study we found that the two-cut system performed as well
as or better than the one-cut system in five of the seven environments supporting the finding of
others. We did find a significant harvest x previous crop interaction (P < 0.0288). This was
primarily due to higher yields following fallow than rye in the two-cut system, with no effect of
previous crop in the one-cut system.

In addition to cellulosic biomass there is an additional and important livestock feed
component to the multi-cut forage system. Winter rye yields harvested in May at boot stage
averaged 4.6 Mg ha™* (ranged from 2.45-5.38 Mg ha™") with acceptable forage quality for most
classes of livestock (McCormick et al., 2006). First-cut hay forage from the switchgrass
harvested at boot stage (late June) yielded 2.2 to 2.5 Mg ha™ and provided on average124.5
(4.1), 614.4 (5.7), 604.7 (14.9), and 16.7 (0.4) g kg™* of crude protein, neutral detergent fiber
(NDF), NDF-digestibility, and K, respectively (numbers in parentheses = 1 standard error). These
parameters are similar to a commonly used forage in dairy systems such as orchardgrass
(Dactylis glomerata L.; Hedtcke et al., 2011) and will satisfy the requirements of many classes of
livestock including dry beef cows, gestating beef heifers, lactating beef cows (producing <14 kg
milk d™!), and ewes (Ovis aries) (Buchanan-Smith et al., 2000; Mitchell et al., 2001). Combining

the total forage accumulation over the course of the present study, using winter rye before
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switchgrass seeding, and taking a June hay harvest in established switchgrass resulted in total
biomass over 11.2 Mg DM ha™* an increase of more than 38% compared to systems without rye
forage.

The cost of switchgrass establishment is considerable relative to other forage crops. At
present, switchgrass seed is substantially more expensive than typical forage grass and legume
seed, and the slow establishment of switchgrass means that producers must forego a year of
production before they have a harvestable stand. The federal Biomass Crop Assistance Program
created in the 2012 farm bill covers 75% of establishment costs including seed, land
preparation, and planting (Stubbs, 2011). During this study, total establishment costs were
$120 per Mg of dry matter, three times higher than the establishment costs for a cool-season

grass such as orchardgrass.

Biomass Quality and Theoretical Ethanol Yield

Harvested switchgrass biomass averaged 220 g ethanol kg™* DM. The previous crop, rye
or fallow, did not have an effect on the biomass quality for ethanol production (P = 0.1261).
However, harvest timing did have a significant effect on biomass quality (P < 0.001). In the ARL-
I, ARL-Il, and KBS-I environments, biomass harvested after the killing frost was of higher quality
for ethanol production than the biomass harvested in mid-to-late June. June-harvested biomass
had high CP and low NDF contents sufficient for livestock feed, but inadequate for use as an
ethanol feedstock. Energy conversion technologies favor biomass with low CP and high NDF
concentrations found in late season harvests (Sanderson et al., 1999). The concentration of

inorganic elements, also undesirable in ethanol production, decrease in switchgrass biomass as

113



it matures (Adler et al., 2006). As the concentration of inorganic elements is reduced,
lignocellulose constitutes a greater proportion of the biomass. During conversion, lignocellulose
is broken down into simple sugars for fermentation. The late harvested biomass contained a
higher concentration of lignocellulose and therefore, sugars. The translocation of nutrients,
such as N, from aboveground biomass can serve the dual purpose of increasing biomass quality
for ethanol conversion, and conserving key soil nutrients (Mulkey et al., 2006).

Across all environments, biomass quality did not differ between the late harvested
biomass in the one-cut management system and the late harvested biomass in the two-cut
management system (P = 0.2204). In addition, harvesting switchgrass as a mid-season forage
did not affect the quality of biomass harvested for use in ethanol production when compared to
the post-frost harvested biomass (Figure 42). Although switchgrass regrowth composition was
not tested in our study, Sanderson et al. (1999) determined that CP and NDF concentrations of
switchgrass regrowth were similar to concentrations observed in switchgrass harvested just
once after a killing frost. It is therefore reasonable to expect a two-cut forage and biomass

system to provide adequate livestock nutrition and quality biomass for ethanol conversion.
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Figure 42. Biomass quality for ethanol production at seven environments across four reps and
two previous crop (i.e., rye or fallow) treatments. Values represent the mean of four replicates,
and error bars represent one standard error of the mean.

Although biomass quality is an important aspect of ethanol production, potential
ethanol yields were more heavily dependent on the amount of biomass harvested than the
composition of the biomass. Potential ethanol yields mirrored the results of second year
switchgrass yields. Ethanol yields ranged from 136 L ha™* at SC-Il (<1 Mg DM ha™* in the one-cut
system) to 4225 L ha™ at ARL-Il (>15 Mg DM ha™" in the two-cut system). Although there was no
significant main effect of treatment (on-cut vs. two-cut) on total ethanol yields, analysis by
environment indicated a high degree of variability among sites with significantly higher ethanol
yield in two of the seven environments for each of the harvest systems (Figure 43). Again these
results indicate the tight correlation between total ethanol yield and biomass yields, as
environments with lower fuel yields in the two cut system were also those with lower total

biomass in the two cut system (ARL-I and RIO-I, Figures 41 and 43).
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Figure 43. Potential ethanol yield at seven environments across four reps and two previous
crop (i.e., rye or fallow) treatments. Values represent the mean of four replicates, and error
bars represent one standard error of the mean.

CONCLUSION

Planting switchgrass in June was successful following a winter rye forage crop. Planting
after winter wheat in August was not however, with significant stand loss observed. The rye
forage crop did not have a negative effect on switchgrass production in either the seeding year
or in the first established year and seemed to conserve soil moisture in dry years. While
harvested biomass in a two-cut system was equal to or greater than that realized in a one-cut
system, biomass quality for ethanol production was highest following a killing frost. In spite of
this result, the higher yield in the two-cut system compensated for the lower biomass quality in

overall ethanol production. Furthermore forage quality in the first cut of the two-cut system
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was sufficient to meet the dietary needs of several important classes of livestock. Harvesting
established switchgrass for hay with an early season cutting in a two-cut system provides
producers with an alternative forage source while not affecting total seasonal biomass yield if
harvested at the appropriate growth stage and cutting height to leave the sufficient

photosynthetic material for regrowth.
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